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Preface

A principal objective of the AFIT robotics research program is the develop-
ment of compliant motion techniques for Air Force applications. Compliant motion
is an essential capability for any robot seeking to emulate a human, since controlled
compliance is needed in any task requiring significant interaction between the ma-
nipulator (either human or robot) and the environment. Refueling of aircraft with
a robot manipulator is one application requiring compliant motion for successful
completion. In the AFIT robotics program, as well as this thesis, the refueling

problem serves as a “strawman” task for orienting compliant motion research.

The goal of this thesis was to create a hardware and software environment
allowing for the development and testing of compliant motion control techniques
on an industrial manipulator. With this environment in hand further research
into the actual compliant motion control algorithms can proceed. In this thesis
a preliminary version of an impedance control law was used to demonstrate the
environment, and to perform an initial investigation into compliant motion control
of a PUMA 560 robot arm. This initial impedance control impiementation has a

number of features which can, and should be, improved.

My thesis would not have been possible without the sponsorship of
Dr. Mangal Chawla of the AFWAL Flight Dynamics Laboratory. I would like
to thank Dr. Chawla and his staff for the technical information on the proposed
robot refueler, and for supplying the force sensor electronics. I am similarly in-
debted to Mr. Dexter Kalt of the ASD Fuel and Hazards branch for his information

on aerial refueling systems.

Closer to home, I would like to say thanks to Captain Larry Tellman and
Mr. Don Smith for teaching me enough to survive as my own electronics tech-

nician in the lab. Captain Steve Parker deserves thanks for showing me how to




use MACSYMA and LATEX, but more importantly I valued lis friendship and

encouragement throughout my entire AFIT experience.

The key man in making this all happen was my advisor, Dr./Captain Mike
Leahy. Without his teaching, ideas, and support I couid never have completed
the first assembly code subroutine, let alcne this entire project. Of course, the
key woman in helping me through has been my wife,- I am continually
amazed at how she found the energy to get her own degiee, work nearlv full time,

and still look after me — it must have been love.

David J. Duvall
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Abstract

~'“A promising Air Force application of robotics technology is the refueling of
aircraft or spacecraft with a robotic manipulator. The refueling task is fundamen-
tally a component assembly task, and like many other assembly tasks, successful
completion requires compliance between the manipulator and the environment for
success. Compliant motion control techniques, such as impedance control, use
force feedback to generate active compliance in the robot manipulator. In this
thesis a compliant motion control environment was established, and a simplified,
preliminary version of an impedance control law was implemented. The compliant
motion environment employs three digital processors in a hierarchial control struc-
ture to command a PUMA 560 robot arm. Applied force and moment information
are provided by a wrist mounted, three axis force sensor. An original method
was developed to transform forces and moments acting on the tool, measured in
the sensor frame, to the cartesian world coordinate frame. This method elimi-
nates the forces and moments caused by the tool weight from the measured values.
The concept of impedance is explained, and motivated as the basis for compliant
motion control. The theoretical development leading to the simplified impedance
control law is presented. The simplified impedance control law was used to pro-
vide active compliance for links 2 and 3 of the PUMA arm. The remaining four
links of the PUMA were not actively used in the impedance control experiment.
Force sensor accuracy was experimentally quantified and found to be sensitive to
errors in arm calibration. Execution times were determined for the major compo-
nents of the impedance control algorithm. Initial testing demonstrated the ability
of the impedance controller to use active compliance to reduce interface forces.
Elementary compliant motion was achieved, however trajectory tracking perfor-
mance requires improvements. Problem areas causing poor tracking performance

are identified, and possible solutions are recommended.

xi




ROBOTIC COMPLIANT MOTION CONTROL
FOR AIRCRAFT REFUELING
APPLICATIONS

1. Introduction

1.1 Motivation

One promising application of robotics technology is the refueling of aircraft or
spacecraft with a robot manipulator. The Air Force Flight Dynamics Laboratory
has recently completed a preliminary conceptual study of the possible benefits of
aircraft robotic refueling [3]. Additionally, NASA and the Air Force have consid-
ered the use of tele-robots or autonomous robots for extending the life of spacecraft
through on-orbit refueling [45]. These studies show the potential robotic systems

have for saving money, manpower, and lives.

Robot refueling is fundamentally a component assembly task requiring the
robot to mate a fuel line nozzle with a refueling port. Current industrial robots
rely primarily on position feedback controllers. However once the robot refueler
nozzle contacts the aircraft, position feedback control will not be adequate because
large contact forces may develop, possibly leading to robot controller instability or
physical damage. Compliant motion control solves these problems by considering
force feedback in the control law of an intelligent robot. Clearly a compliant motion
capability is necessary for performing the robot refueling task or any other precision

assembly task.
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1.2 Objective

Further broad-based research into intelligent robotics capable of emulating
human arm motion requires the development of a compliant motion capability. The
objective of this study is to create a bread-board compliant motion environment
and implement an initial compliant motign controller. The results will lay a foun-
dation of knowledge and equipment for further research leading to a demonstration

of robotic aircraft refueling.

1.3 Problem Statement

1.5.1 Background.

1.3.1.1 What is Compliant Motion Control. Based on the research of

Goertz , Paul identifies three states of manipulator motion for any assembly prob-

lem,

“Motion in free space” when the manipulator motion is unconstrained by con-

tact with the environment

“Contact” when the manipulator switches modes between unconstrained and

constrained motion

“Exertion of a force” when the manipulator motion is constrained by contact

with the environment {44, p. 1967]
The robot refueler’s task is no different and also consists of these three phases.

e Phase ] - the robot uses a vision system to search for port and guide the

nozzle to a point close to the slipway or port.

e Phase II - the nozzle makes initial contact with the slipway and the robot
begins to slide the nozzle along the slipway while impact transients damp

out.

1-2
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e Phase II] - the rohot continues to slide the nozzle along the slipway and then

inserts the nozzle in the port.

According to Kazerooni, “In constrained maneuvers, the manipulator is driven
in its workspace so the environment continuously exerts a dynamic or kinematic
constraint on the manipulator motion (26, p. 83].” Compliant motion control is
the technique used to drive the manipulator so as to accomodate the constraint
while accomplishing the task objectives. With compliant motion control, both
the manipulator’s position and the constraint forces are used to determine the arm
control inputs!. The use of constraint force information to actively control the arm

uniquely separates compliant motion control from other forms of robot control.

1.3.1.2 Why Use Compliant Motion Control. Current industrial arms

typically use only position feedback to control the arm. Position feedback is ap-
propriate for transport type tasks where objects are moved from one position to
another, with little or no environmental contact (e.g. bin picking and spray paint-
ing). However, complex assembly tasks must be highly structured if they are
performed with a position controlled arm. A highly structured task demands parts
always be presented to the robot in the same position and orientation, possibly
through the use of special assembly jigs or tight tolerances on part manufacturing
and placement. Unfortunately, tasks can never be perfectly structured all the time,
and when the structure breaks down some form of sensing is needed for the robot
to determine what to do. Paul states force sensing is fundamental since it can
provide vital information indicating when something has gone wrong (occurence
of an unexpected force), and alternately when things are functioning correctly (no
unexpected forces)[44, p. 1966]. An excellent example of a human using force feed-

back is a carpenter driving a nail through a wall and into an unseen beam. The

1Throughout this document the term force is meant to include both forces and moments; the
term position refers to both position and orientation. Exceptions to this rule should be apparent
from the context of their use.




carpenter expects a relatively uniform, moderate resistive force, indicating the nail
has remained within the beam. A sudden, unexpected drop in resistance indicates
the nail has missed the beam. A sudden rise in resistive force may indicate the
nail head is flush with the wall or it may indicate the point has hit an obstacle. In
this last case, the carpenter may use position feedback (how far in is the nail?) to

determine which of the two events has occured.

Most importantly, compliant motion control is needed to insure stability when
constraint forces are imposed on the manipulator. Kazerooni highlights a major
problem with position control when he says, “...the compensator treats the interac-
tion forces as disturbances and tries to reject them, thus causing more interaction
forces and torques. Saturation (of actuators), instability, and physical failure are
the consequences...[26, p. 84].” On the other hand, a properly designed compliant
motion controller is designed for stability in the presence of these constraint forces,

and can actually use them to advantage in guiding the robot to complete a task.

1.3.1.3 Compliant Motion Control Techniqgues. Whitney divides com-

pliant motion control techniques into two categories, passive control and active
control [58, p. 5]. Passive control employs mechanical devices to change the com-
pliance between the end-effector and the environment. One such device for doing
this is the Remote Center of Compliance (RCC) [15]. The RCC attaches to the
end-effector and acts like a six-dimensional spring with a pre-determined set of
stiffnesses resisting translation and rotation about three axes. Passive compliance
devices suffer from an inability to be reprogrammed with different stiffness val-
ues, resulting in a need to change devices when consecutive tasks require different
amounts of compliance. Also, if the stiffness is low, then the uncertainty in knowl-
edge of the tool or end-effector position is large because the spring is easily moved,

and as a result position can not be accurately commanded [44, pp. 1969-1970].

According to Whitney, active control uses information about the current state
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of the task (position, velocity, applied constraint force) in a feedback control loop
to calculate actuator commands [58, p. 6]. These commands drive the manipulator
links to satisfy a set of desired position, velocity, and/or force interactions with the
environment, resulting in compliant motion of the robot arm. Research has focused
on active control techniques because they allow the user to more completely specify
the state of the task, and changes in compliance can be rapidly made through
software logic. Active force control techniques have the disadvantages of being
more complex and computationally difficult. Numerous active control techniques

have been proposed during the last 15 years [58, p. 6].

1.9.2 Thesis Research Goals. Research on compliant motion issues at AFIT
is presently prevented by the lack of a suitable compliant motion control environ-
ment. Currently AFIT’s PUMA 560 robot is run by the ARCADE? hierarchial
control environment. ARCADE is a derivative of the RHCS/R3AGE? developed
at the Rensselaer Polytechnic Institute [39]. ARCADE and the RHCS/R3AGE
were designed for research into model based robot control and are well suited for
that type of research®. However they can not support compliant motion because

they do not have a force sensing capability.

A major goal of this thesis is to create a compliant motion environment by
adding hardware and software for force sensing to the existing ARCADE environ-
ment. Techniques must also be created for transforming the raw force sensor data
into an accurate picture of the constraint forces between the robot and environ-
ment. With the augmented environment, compliant motion control laws can be
implemented on the PUMA 560 arm. A second goal of this thesis is to perform

a preliminary investigation of compliant motion control using a simplified control

ZARCADE is the AFIT Robotic Control Algorithm Developnient and Evaluation Environment

SRHCS/R3AGE is the Robotics and Automation Laboratory (RAL) Hierarchial Control Sys-
tem / RAL Real-time Robotic Algotithm Exerciser

‘Model based robot control uses position feedback control loops, augmented with feedforward
inputs calculated from a model of the robot dynamics.
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law on links 2 and 3 of the PUMA arm.

1.4 Method of Approach.

The twin goals of creating a compliant motion control environment and a
preliminary implementation of a compliant motion control law were approached in
a paralle] fashion. The preliminary control law served as a “strawman” control law

for purposes of designing the control environment.

Before selecting a control law or defining a control environment, a literature
review was performed to develop a knowledge base of compliant motion control
techniques. Standard force sensing techniques were also reviewed since force sensor
hardware needed to be incorporated into the environment. Lastly, a review of
current aircraft aerial refueling equipment and a proposed robotic refueling concept
provided background information for orienting the design of experimental hardware

toward a demonstration of robotic aircraft refueling.

After completion of the literature review an appropriate control law was cho-
sen for implementation in the control environment. A simplified, two degree of
freedom version of an existing control law was desired because of the limited time
available for this study. Use of the two degree of freedom control law allowed test-
ing of the basic premise for the control law, although the resulting two degree of
freedom controller remained scalable to greater degrees of freedom. By simplifing
the control law its computational complexity was reduced, enabling it to be im-
plemented with existing computer resources. The component matrices and vectors
of the control law equation were computed from equations symbolically reduced
using the MACSYMA symbolic manipulation, computer aided design (CAD) pack-
age (51). Software for evaluating the controi law needed to be designed to minimize
computation time in order to allow high control loop sample rates and insure good
digital controller performance. The control law has been implemented so as to

allow for future expansion to a more complex, six degree of freedom control law.
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Having picked a control law, it was possible to design a control environ-
ment using the support requirements of the chosen control law as examples of the
support the environment should provide. Patterning the new compliant motion
environment after the existing control environment, ARCADE, resulted in a hier-
archially structured compliant motion environment. The hierarchial structure most
effectively used the different capabilities of each computer in the control system.
Modular software design facilitated future use and modification of the environ-
ment, while the use of existing software wherever possible preserved commonality

between the compliant and existing environments.

The first principal task in developing the new environment was integrating a
force sensor with the existing equipment, and developing the software to transform
force sensor data into the force information required by the control law. Because of
schedule constraints, the choice of an off-the-shelf vendor supplied force sensor was
mandatory. After procuring the sensor it was integrated with the existing hardware
by establishing an appropriate network of power supplies and communication links.
New software to allow parallel communication with the digital controller was also
created. An original theoretical method for scaling, calibrating, and transforming
the “raw” sensor data into the desired vector of constraint forces was developed
based on analysis of the manipulator kinematics and the sensor output. The force
sensor did not provide a satisfactory method for separating the gravitational force
on the tool from the measurements of constraint force, so this problem was cor-
rected by devising a scheme to compensate the sensor data for the tool weight.
These theoretical procedures were coded into a set of software routines for cali-
brating the sensor prior to run time, and also for using the sensor data in the force

feedback portion of a compliant motion control law.

The second principal task in developing the compliant motion control en-
vironment involved creating a physical environment for testing compliant motion

control techniques. To do this a tool and surface for it to interact with were
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designed and fabricated. The tool is modular to allow it to be reconfigured for
different types of tests. Also, the test surface has a geometry supporting contact,
slide, and insertion tests of varying difficulty. Since a long-range objective is the
demonstration of robotic aircraft refueling, the tool and test surface were designed

to model existing aircraft refueling hardware.

After the modular software elements of the control environment were devel-
oped they needed to be integrated with the control law software to form a complete
compliant motion controller capable of commanding the PUMA arm. Testing of
the compliant motion controller quantified controller performance. Limited testing
is performed since the chosen control law was primarily implemented as an exam-
ple, and only in a preliminary, simplified fashion. The objective of the testing was
to establish a basis for comparison with previous work by other researchers using
the same controller. Therefore, the tests performed were similar to those done

previously. Test results were analyzed with the control systems CAD package,

MATRIXX [23].

1.5 Contribution and Summary.

The main contributions of this research are summarized below.

¢ A three axis force and moment sensing system has been integrated with the

existing AFIT Robotics Laboratory equipment.

¢ A compliant motion control environment has been established.

~ The environment incorporates three different digital processors, the
force sensor, and a PUMA 560 robot arm into a hierarchial control

system.

— Original techniques have been developed for transforming force sensor
data to interface force, and also for eliminating the tool weight from the

force sensor measurements.
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— The environment uses modular software and has a high degree of com-

monality with the existing ARCADE control environment.

e A physical environment for testing compliant motion control algorithms has
been constructed. The environment supports future demonstrations of robotic

aircraft refueling.

e A preliminary version of an impedance control law has been implemented in

the compliant motion environment using links 2 and 3 of the PUMA arm.

—~ The implementation on the PUMA is the first known use of this com-
pliant motion control law on a vertically articulated, gear driven ma-

nipulator.

~ The implementation is structured to facilitate expansion to a more gen-

eral impedance control law using all six PUMA links.

~ The implementation uses parallel processing to allow high speed calcu-

lation of control torque commands.

o The ability to accurately determin= interface force from the force sensor data

has been quantified.

e The execution times of the impedance control algorithm’s major routines

have been measured.
o Tests of the compliant motion controller, emulating those performed by
Hogan [20], have been completed.
— The impedance controller successfully used active compliance to reduce
the interface force between the manipulator and the environment.

— The impedance controller’s trajectory tracking performance requires im-

provement. Performance can be improved by:

* Including a commanded end-effector velocity term in the control

algorithm.
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* Using smaller sample times.

* Improving the friction compensation model used for the PUMA

arm.

— The controller’s inability to emulate Hogan’s experimental results is
attributed to the complexity of the PUMA arm’s dynamics versus those

of Hogan's direct-drive manipulator [20).

These contributions have laid a foundation for further broad-based compliant mo-
tion research in the AFIT Robotics Laboratory. The compliant motion environ-
ment can be augmented by machine vision systems to create an intelligent robotic

system capable of realistically demonstrating robotic aircraft refueling.

1.6 Omanization.

The remainder of this thesis is organized into five chapters. Chapter Two
reviews pertinant past research in force sensing and compliant motion. Chapter
Three discusses the impedance control law theory, the assumptions made in simpli-
fying the impedance control law, and the methodology for scaling, calibrating and
transforming the force sensor data to interface force. Chapter Four describes the
hardware and hierarchial computer control systems used to establish the compliant
motion environment. Chapter Five presents results from testing the preliminary
version of the control law, while Chapter Six presents conclusions and suggested
areas of further research. Three appendices supplement the main body of the
report. Appendix A presents the detailed mathematical development of the full
impedance control law. Appendix B provides background information on aircraft
refueling and a proposed robotic refueler concept. Appendix C contains brief de-
scriptions of the new or modified software used in the compliant motion controller.
Complete listings of software developed or modified for this thesis are contained in

AFIT Robotic Systems Laboratory Report No. 3 (14].

1-10

lm



II. Literatur view and Control Law Selection

2.1 Force Sensor Design and Calibration.

Shimano and Roth present an excellent summary of the design and calibration
of force sensors in [50]. While this thesis effort did not require design of a force
sensor, the information presented below provides an understanding of how the

sensor functions and the mathematics involved.

The JR3 force sensor used for the robotic refueling research is a wrist mounted,
strain gage force sensor. Shimano and Roth provide a detailed discussion of the
Scheinman force sensor (see Figure 2.1), which is similar to the JR3 sensor. The
Scheinman sensor uses a solid aluminum cross as the load carrying structure. The
cross is instrumented with eight pairs of strain gages. Shimano and Roth indi-
cate the high stifiness of the cross insures the sensor has little effect on the overall
manipulator natural frequency, and also allows accurate end-effector positioning.
Also, because the sensor is stiff it does not add any passive compliance to the
manipulator. Use of strain gages in pairs prevents changes in calibration due to
temperature. The low hysteresis design of the sensor minimizes non-linearities in

the force-strain relationship [50, p. 341).

A very straightforward method is used for converting strain gage readings into
the three forces and three mements about some user defined coordinate frame. The
essential equation is:

—

F = RDC?¢ (2.1)

where € is the vector of strain gage measurements, F is the vector of forces and
moments, and C is a calibration matrix decoupling the strain gage measurements
into forces and moments about three orthogonal coordinate axes. The matrices

R and D are coordinate transformations allowing the user to define a coordinate
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strain gage

Figure [: Scheinman Force Sensing Wrist

Figure 2.1. Scheinman Wrist Force Sensor. [50, p. 341]

frame which is rotated (using R) and displaced (using D) from the coordinate frame

of the strain gage measurements (50, p. 342]!.

The ability to measure forces in a user defined frame is advantageous. Typ-
ically, the forces of interest are those at the contact point of the tool and the
environment, and not those at the juncture of the tool and the force sensor. Also,
force and position information are frequently used together in the compliant motion
control law. To do this it may be necessary to have force and position information

in the same coordinate frame.

Some researchers have noted some problems with wrist mounted force sen-
sors. All those problems are a result of the dynamics of whatever tool or gripper
is mounted between the force sensor and the environment. Salisbury identified a
need to eliminate the gravitational force exerted by the tool from the sensor mea-

surements of the contact force [49, p. 384]. Salisbury, as well as Raibert and Craig

!The D matrix used in Eqn. 4 of [50] is incorrect. The signs of the d; terms should be reversed.
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noted the inertial forces resulting from the linear and angular accelerations of the
hand or tool will also appear in the sensor force measurements; although these will
be small at low speed, they could be problems at higher speeds and may require
additional dynamics calculations to eliminate them from the sensor readings {49,
p. 384],[47, p. 378]. Raibert and Craig also noted high frequency oscillation in
their force sensor readings from the spring-mass behavior of the tool interacting
with the environment, but they were able to suppress this noise using an analog

filter (47, p. 381].

2.2 (Compliant Motion Control Laws.

As mentioned in Section 1.3.1.3, a wide variety of compliant motion tech-
niques have been proposed. Three promising techniques were chosen as possible
candidates for the compliant motion control law implemented in this study. They

are:

o Stiffness Control
o Hybrid Control

e Impedance Control

Stiffness control introduces the fundamental concept of stiffness as a parameter
in compliant motion control. Hybrid control is a conceptually straight forward
technique, where task oriented coordinates are identified and divided into force
or position control directions. Impedance control is a very promising technique
since it allows dynamics based control of the robot during both contact and nou-
contact portions of the task. These three control techniques are discussed further

in Sections 2.2.1, 2.2.2 and 2.2.3, as well as in Chapter Three.

2.2.1 Review of Stiffness Control. Salisbury was the principal developer of

the stiffness control technique. He presented the fundamental concept of stiffness,
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his stiffness control law, and the results he achieved in performing a typical assem-
bly task in [49]. Stiffness control is a simple, but fundamental technique, and the
concept of stiffness is fundamental to the more involved techniques of hybrid and

impedance control.

Salisbury modeled the interaction of the end-effector with the environment
as a six degree of freedom spring (three degrees in position and three degrees in
orientation). The spring constants, or stifiness, are the rate constraint forces change
with respect to position and orientation errors in the end-effector [49, pp. 383-384).

For cartesian coordinates the relationship is
F = K§z (2.2)

where F is the 6 x 1 constraint force vector, I is the 6 x 6 stiffness matrix, and 6%
is the error in position. The error is the difference between the actual, constrained

position, and the nominal, unconstrained position
6t =z —<, (2.3)

where & and &, are the constrained and unconstrained positions, respectively [49,

p. 384).

Understanding the significance of the stiffness matrix is key to an appreciation
of Salibury’s concept, as well as many other forms of compliant motion control.
Stiffness is the inverse of compliance. The elements of the stiffness matrix, K,
represent the position accuracy the user desires to achieve along each of the six
degrees of freedom. A high stiffness value indicates a strong desire to follow the
nominal trajectory in a particular direction (low compliance), and if a constraint is
encountered a large interaction force will develop. A low stiffness value indicates the
end-effector does not have to follow the trajectory too closely in the given direction
and the end-effector will move to accommodate any constraints encountered (high

compliance), thereby minimizing the interaction forces [49, p. 383]. Diagonal K
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matrices decouple the manipulator motion by causing errors in position along a
particular axis to only effect the subsequent motion or force along the same axis.
Non-diagonal K matrices can be used to couple motion and forces between different
coordinate axes. For example, with a non-diagonal K matrix, position error in the

y direction can be used to generate a force in the x direction.

In modeling the interaction as a six dimensional linear spring, Salisbury as-
sumed there were no higher order dynamics terms due to non-linear elastic behav-
ior in the environment or the manipulator. He also did not allow for any viscous
damping or stiction at the interface between the end-effector and the environment.
These assumptions are similar to those made by Hogan and Kazerooni in their

development of impedance control (see Section 2.2.3 and Chapter Three).

Salisbury presented his stiffness control law as [49, pp. 384-385]

.
-

T = T + G§T + K,C1160 + V,sgn (o) + & (2.4)
where

—

T is the vector of torques applied to each joint
T. is the vector of commanded torques for each joint

G is the diagonal matrix torque compensation function (e.g. lead-lag filter, with

gain Ky, zero at s = —a, and pole at s = —b.)
§T = T.—T, i.e. the error between the commanded torque and the sensed torque
K, is a derivative gain diagonal matrix
Ci1 is the instantaneous inertia of the manipulator
65‘ = 5:, - 0-‘ i.e. the error between the commanded and actual joint velocities
V, is a vector of Coulomb friction coefficients for each joint

C is a vector of gravitational torques on each joint
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The manipulator’s Jacobian is used to convert cartesian forces at the end-effector

to torques at the joints, for example
T, = JTF, (2.5)

where

—

F, is the sensed force on the end-effector
f'. is the vector of joint torques due to ﬁ,

J is the manipulator Jacobian

The form of the manipulator Jacobian varies depending on the choice of orientation
angles for the position vector [43, pp. 10-11]. However, the Jacobian is commonly
found as the vector derivative of the forward kinematics function, E(d‘), with respect

to the joint position vector, ¢, .
dL(q)
= — 2.6
7= (26)
(The Jacobian is discussed in greater detail in Section 3.1.6.2.)

Using the relationship of Eqn. 2.2 and another Jacobian relationship
6% = J&b (2.7)
Salisbury wrote the commanded torque (T.) as a function of the joint position error
(80)
T, = JTKJ§0 + T (2.8)

where he added a bias torque, T, to allow a minimum, or bias, force (Fg) to be
applied by the end-effector
Tg = JTFg (2.9)

Algebraic substitution into Eqn. 2.4 produced the complete control law

T = (1+G)[JTKJ(0, - 8)+GJITFp| - JTF, (2.10)
+ K,C11(6, - 6) + V,sgn(8) + C;
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Figure 2.2. Stiffness Control System. [49, p. 385]. Note: Ky = JTK J.

The control law is summarized in block diagram form in Figure 2.2. The control
law is fundamentally a proportional-derivative feedback loop with the addition
of friction and gravity compensation, as well as the inclusion of force feedback.
Gravity and friction are included because they are significant dynamic forces, even
when the manipulator is moving at low speeds. The instantaneous inertia, Cyy, is
included with the derivative control term (K, term) to adjust the damping for the
varying manipulator inertia, and possibly varying payload mass. The compensator
function, G, includes lead-lag and integral compensators to improve the transient
force response and drive force errors to zero. Salisbury included a deadband-limit
function with the integral compensator to prevent limit cycling and restrict the

integrator’s response to impact forces (49, pp. 384-385].

Salisbury implemented his stiffness control law on a Stanford-Scheinman arm
using a PDP 11/45 with cache memory as the control computer. To ease the
computation burden he updated the Jacobian at 12 Hz while running the rest of
the controller at 60 Hz. Computation of the control torque values for the arm

required 5.3 milliseconds (49, p. 385]. Using this manipulator he was able to
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L successfully complete peg-in-the-hole type insertion tasks.

Salisbury suggested zeroing out the weight of the tool on the wrist force
sensor just before making contact with the environment [49, p. 384]). Resetting
the force sensor in this manner “eliminated” the weight of the tool from the force
sensor readings. It is an effective technique for tasks where the tool maintains
approximately the same orientation throughout the job. However, for tasks where

the tool makes large changes in orientation this technique will not be accurate. A

more versatile technique would be to calculate and subtract the gravitational force

exerted by the tool based on its measured orientation.

2.2.2 Review of Hybrid Control. Hybrid control is a simple, straightfor-

ward approach to compliant motion control. Partly as a result of its intuitiveness,
hybrid control has become a very popular method for implementing a compliant
motion controller. With hybrid control some coordinate axes are controlled based
on position while others are controlled based on force. Hybrid control is a top-
level, architectural approach, and does not require use of a particular control law,

although typically a stiffness-based controller is implemented.

A number of researchers have written extensively about hybrid control. The
fundamental research on this subject was done by Mason, and Raibert and Craig,.
Mason provided the formalized theory for establishing task specific constraint co-
ordinate frames [42]. Raibert and Craig expanded on this theory to develop the
hybrid control architecture, and have experimentally implemented a stiffness-based

control law within the architecture. Raibert’s and Craig’s research is documented

in (47], and also in [6].

The unique feature, fundamentally establishing the concept of hybrid control,
is the use of constraint surfaces and constraint frames to define the compliant

motion task. Mason defined a constraint surface (also called a C-surface) as a ]

...surface in configuration space...which allows only partial positional
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furning screwdriver .
Natural constraints

v, =0 fu=0

w, =0 n, =0

w, =0

vz=0

Artificial constraints

v,./= 0 =0

w, = ag n, =0
n, =0
f 1

Figure 2.3. Natural and Artificial Constraints for Turning a Screwdriver. [6, p.
261]

freedom (author’s note: and only partial force freedom). Freedom of
motion occurs along C-surface tangents, while freedom of force occurs
along C-surface normals [42, p. 361].

A set of natural constraints arise from the partial freedoms of motion and force
existing on the constraint surface. The natural constraints on motion (velocity)
exist in directions normal to the constraint surface, while the natural constraints
on force exist in directions tangent to the constraint surface [42, p. 364),(6, p.
260]. For example, in Figure 2.3 a screwdriver rotates a screw. If the screw slot is
frictionless then naturally no force can be exerted in the ¢y direction. Similarly,
motion is constrained in the cg direction by the side of the screw slot, so velocity
in the cg direction is naturally zero. However, in general the natural velocity
constraints need not be zero (42, p. 366[; for example, if the screw were mounted
on a moving conveyer belt, then the velocity in the c¢ direction would be the

velocity of the conveyer belt.

The conjugate to natural constraints are artificial constraints. They also
exist as constraints on motion and force along the constraint surface, but they are

orthogonal to the natural constraints. Therefore, artificial motion constraints lie

along constraint surface tangents, and artificial force constraints lie along constraint
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surface normals {42, p. 364},(6, p. 260]. For the screwdriver example, force in the
¢4 direction is artificially set at some value, a3, sufficient to insure constant contact
between the screw and screwdriver. The velocity in the ¢y direction is artificially set
to zero to prevent the screwdriver from moving out of the slot. When implementing
the hybrid controller, the artificial constraints are the controlled variables in the

feedback control loops [6, p. 260].

For a complex task, the constraint frames and constraint sets must be time
varying [42, pp. 371-372]. The naturally constrained variables are monitored,
and changes are used to indicate the task status, as well as to initiate changes in
constraint frames and constraint sets [6, pp. 262-263]. In the screwdriver example,
a sudden increase in the moment about the ¢, axis, n., indicates the screw has

been driven all the way in.

The process of synthesizing a hybrid control task strategy begins with mak-
ing assumptions about the task in order to establish the constraint surface and
coordinate frame. The constraint surface and task assumptions generate a set of
natural constraints. Next, artificial constraints are established orthogonal to the
natural constraints, so as to cause the manipulator to move along the desired tra-
jectory. A compliant motion control law is required to transform these artificial

constraints into the desired trajectory (42, p. 362,372].

The above discussion of constraint surfaces and constraints is a simplified
summary of Mason’s research [42]. Mason presented his theory in a very gener-
alized and rigorous manner. In addition to establishing the fundamental theory,
he discussed techniques for coordinated compliant motion control of multiple ma-
nipulators. He also described techniques for handling coupling between natural
and artificial constraints, as occurs when friction is present (because friction is a

tangential force dependant on a normal force) {42, pp. 367-370].

Figure 2.4 shows the general architecture of a hybrid controller. Since the

desired trajectory is described in the constraint coordinate frame (where it is more
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Figure 2.4. Hybrid Control Architecture. [47, p. 377]

readily conceived), the joint position and force sensor measurements must be trans-
formed into the constraint coordinate frame before an error signal can be generated

[47, p. 377].

The choice of control laws for the position and force control loops is left to
the user. The user must consider his need for performance versus his computer’s
ability to quickly complete complex calculations. The position control loop can be
as simple as a proportional-derivative (PD) or a proportional-integral-derivative
(PID) controller, or it could be as complex as a full feedforward dynamics control
law [47, pp. 378-379]. Likewise, the force control loop can involve only a propor-
tional or proportional-integral controller, or it could involve a more complex form

of compliant motion control, such as the stiffness based approach of Eqn. 2.2 [47,

p- 379), [6, p. 273-277).

The output commands from the position and force control laws will be in
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terms of constraint frame coordinates. These commands must be transformed
into joint space before they can be passed to the arm’s actuators. The type of
transformation will depend on the form of the constraint frame, but may involve

use of the manipulator Jacobian inverse [47, p. 377, 380].

The controller is a hybrid since it combines position and force control loops
into a single compliant motion controller. “While each degree of freedom in C (the
constraint frame) is controlled by only one loop, both sets of loops act coopera-
tively to control each manipulator joint (47, p. 378].” The choice of which degrees
of freedom in the constraint frame are force controlled, and which are position con-
trolled, is made from the artificial constraints established in the task strategy. The
decision is implemented through the selection matrices, S, as shown in Figure 2.4

[47, p. 377]. For the screwdriver example,

1

0

0
(2.11)

0

0

O O O O o O
O O = O o ©
S = O O O o
O O O o o ©

S O O = O O

| 0 |

since artificial force constraints exist on f;, f;, n., and n,,.

Raibert and Craig implemented their hybrid controller using a Scheinman
wrist force sensor on a Stanford-Scheinman arm controlled by a General Automa-
tion SPC-16/85 minicomputer. They used a PI force control law and PID position
control law [47, pp. 377-378|. Experiments were conducted testing the manip-
ulator’s ability to: maintain a constant force on a table moving in the xy-plane;
respond to step, ramp and sinusoidal position and force commands; and insert a peg
in a hole with only .001 inch clearance. The manipulator successfully completed
all the tests. Limit cycling of the constraint force was observed and attributed to

Coulomb friction, a result subsequently analytically confirmed by Townsend and
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Salisbury [54]. An oscillatory response in the constraint force occurred when the
manipulator was commanded to follow a table moving at a slow, constant speed.
Force oscillation amplitude was greatest at the beginning and end of the table
motion, and while the oscillation was significant, contact with the table was not
lost. When following an applied force ramp input, the manipulator’s actual force
response again experienced small amplitude oscillation, apparently random in na-
ture. Throughout the course of their experiments Raibert and Craig did not see

any evidence of coupling between errors in the position and force control loops [47,

pp. 380-381].

Raibert and Craig noted hybrid control is similar to the compliant motion
control technique developed by Paul and Shimano. According to Raibert and
Craig, Paul and Shimano’s technique assigned control of a force constraint axis to a
specific manipulator joint for each time increment of the trajectory. The technique
is non-optimal since it results in position and force errors after every increment and
correcting these errors requires the trajectory to be adjusted. Raibert and Craig
implied their hybrid approach is more efficient since adjustment of the trajectory

after each increment is not necessary [47, p. 378].

Khatib has also developed a compliant motion control technique similar to
hybrid control. The principal difference is Khatib’s use of the operational space in
calculating the dynamics of the end-effector (30, p. 44]|. The operational space co-
ordinates are essentially the cartesian coordinates of the end-effector frame rotated
to align the end-effector coordinate frame with the constraint frame (30, p. 44].
Use of the operational space allows a unified approach, because the problem is both
defined and controlled in the constraint space. However, the approach appears to
be about as computationally complex as hybrid control. A more significant con-
tribution is Khatib’s extension of operational space concepts to compliant motion

control of redundant manipulators (30, pp. 49-51].

Khatib implemented his operational space force controller on a PUMA 600
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controlled by four National Semiconductor 32016 microprocessors in the COSMOS
control system. The position and force control loops both employed PD feedback
control laws. He was able to demonstrate the compliant assembly tasks of surface
contact and sliding along a surface, as well as insertion [30, pp. 49, 52]. These

results are documented in detail in {4].

Hybrid control offers a number of advantages for compliant motion control.
The technique is conceptually easy to understand, does not restrict the user to a
particular control law, and allows independent control of force and position. Unfor-
tunately, for the robotic refueling application hybrid control has some drawbacks.
It can be difficult to establish constraint surfaces and the corresponding natural
and artificial constraints. This is particularly true for the robot refueler because
the problem is not highly structured, i.e. the aircraft and the robot are not al-
ways in the same relative position and orientation for each individual refueling. As
a result, the constraint frame must be redefined, or the position and orientation
of the robot relative to a known constraint frame on the aircraft must be deter-
miined. Additionally, hybrid control requires switching of the selection matrices,
S, as different parts of the task are performed. Using different S matrices might
cause stability problems because of the possibility of dramatic changes in torque
comnmands as the constraints are changed. The need to switch constraints as the
end-effector impacts a surface may also lead to stability problems if the end-effector
bounces and loses contact with the surface. In this case the constraints may re-
quire the manipulator to exert a certain normal force on the surface, but if the
end-effector bounces off the surface it will not exert any force. The resulting large
force error and corrective command could lead to an even larger bounce, with the

manipulator eventually becoming unstable.
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2.2.3 Review of Impedance Control?>. Hogan and Kazerooni have been ad-

vocates of a compliant motion control technique called impedance control. Hogan
established the groundwork for considering a manipulator as a mechanical impedance,
and also developed a control law for an impedance controller (17] [18] [19]. Kaze-
rooni similarly justified the use of impedance control and developed a model for

the desired system impedance in the frequency domain (26}, [27].

With impedance control, the manipulator’s non-linear dynamics are changed
by the action of the controller to be the linear dynamics of a simple, second order,
mass-spring-damper system. The technique for developing the control law is similar
to pole placement design methods where the desired dynamics and the actual
dynamics are compared algebraically to determine the form of the controller |18,

p- 11]. Hogan presented the control law as

Taer = 1(6)J(8)'M™'K [z, — L(8)] + S(8) + I(8)J(8) "M~ B [v, — J(8)w]
+ V(w) + 1(8)J(8) ' M Froy — J(8)T Frne
—I(6)J(8)'G(8,w) + C(8,w) (2.12)

where

@ is the measured joint position vector
w is the measured joint velocity vector

Fr,.. is the interface, or constraint, force vector measured by a force sensor at the

end-effector
Tqet 18 the commanded actuator torque vector
I(8) is the manipulator inertia tensor

J(8) is the manipulator Jacobian matrix

IBecause impedance control is explained in detail in Chapter Three, this review will focus on a
primarily qualitative description of other researchers’ work in the field of impedance control.
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M(8) is the target dynamics inertia tensor for modelling the system as a simple
rigid body
K is the target dynamics stiffness matrix, designed for accomplishing the task

z, is the unconstrained position vector of the end-effector in cartesian coordinates

(also known as the virtual position or displacement)

L(#) is the forward kinematics function transforming the joint position vector
into the cartesian position vector; the term represents the end-effector’s con-

strained position
S(0) is the vector of gravitational torques acting on each joint
B is the target dynamics damping matrix, chosen to stabilize the target dynamics

v, is the unconstrained velocity vector of the end-effector in cartesian coordinates

(also known as the virtual velocity)
V(w) is the velocity dependant friction torque vector

GO,w) = [‘% (J(O)w)] w a vector term resulting from use of the product rule in

the differentiation of the kinematics

C(0,w) is the vector of Coriolis and centrifugal torques

The values for z, and v, represent the virtual trajectory for the end-effector. The
virtual trajectory is the path the manipulator would take if no environmental
motion constraints existed. When the end-effector meets a constraint, and can
no longer follow the virtual trajectory, the difference between the virtual and the
actual trajectory will determine the constraint forces on the mzuipulator. Thus,
the constraint forces can be tailored through proper design of the virtual trajectory

and selection of the stiffness matrix (see Section 2.2.1) [18, p. 9].

Hogan’s impedance controi .+ ' included a fairly complete dynamic model
of the manipulator. Coriolis, cencrif zal, inertial, friction, and gravity effects are

all incorporated. It required the position, velocity, and force information in a
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cartesian coordinate frame. The control law can be thought of as a PD controller
augmented by feedforward dynamic compensation and force feedback. The PD

and force feedback gains are modulated by the manipulator inertia.

The development of the control law assumed higher order vibrational dy-
namics did not exist in the environment or the manipulator. In order for the
kinematics function, L(8), to be accurate there must be no passive compliance in
the manipulator. All the constraint forces are assumed to be linear functions of the
difference between the virtual trajectory and the desired trajectory {18, p. 9-10].
This last assumption, while accurate for linear forces (such as simple springs and
dampers), does not include non-linear forces such as stiction or certain non-linear

elastic forces resulting from deformation of the robot or environment.

For simplicity, both Hogan and Kazerooni desired the manipulator to behave
as a second order linear system.

JY(S) _ 1
Fru(s) Ms®4+Bs+ K

(2.13)

where M, B, and K are as defined above, s is the Laplace variable, and

Fini(s) is the interface or “disturbance” force due to interaction with the environ-

ment in the Laplace domain

X(s) is the response of the target dynamics in the Laplace domain

Using the model of the desired dynamics, Kazerooni developed two theorems re-
garding the stability of the manipulator. Just like a scalar second order system,
the eigenvalues of the denominator of Eqn. 2.13 will determine the overall stability
of the manipulator {26, p. 88]. Kazerooni’s first theorem defines sufficient but not
necessary conditions for stability

If M,B, and K are real and symmetric, positive definite matrices,

then the target dynamics are stable, and if B and K are symmet-
ric, non-negative definite matrices, then the target dynamics will be
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marginally stable. If K and/or B are symmetric, positive, semi-definite
matrices, then some or all eigenvalues will be on the imaginary axis.
(These cases are considered unstable.) [26, p. 88].

Kazerooni indicated just because the target dynamics are stable does not mean the
actual combined manipulator-environment dynamics will be stable. The overall
stability of the manipulator and environment are governed by sufficient conditions
expressed in a second, more complex theorem. Essentially, the actual combined
system dynamics are required to behave exactly like the target dynamics, and M,
B, and K must be symmetric, positive definite matrices [26, pp. 88-89]. Assuming
well known dynamics, it is possible to design a controller that will modify the
system behavior to be very close to the desired dynamics. Kazerooni presented

a complex eigenstructure assignment technique for developing such a controller

in [27].

The results of Kazerooni’s first theorem have been experimentally confirmed
by Lawrence [31, p. 1188]. In addition, Lawrence considered the effect on stability
of a computation time delay factor (e **) in the feedback loop of the controller.
He determined the time delay placed lower bounds on the stable range of values

for B and K.

Larger time delays require larger amounts of damping for a given carte-
sian stiffness. Large damping in the cartesian behavior can significantly
increase interaction forces unless the motion is extremely slow, and
(large damping therefore) limits the ‘softness’ or ‘dexterity’ of the ma-
nipulator {31, p. 1188].

Kazerooni and Tsay have noted stable motion is not possible without some

amount of compliance between the manipulator and the environment [29, p. 1170},(28,
p- 330]. In the presence of a stiff environment, and when using a robot with lit-
tle inherent passive compliance, it is the job of the controller to actively add this

necessary compliance. - %
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Hogan demonstrated the use of an impedance control law (Equation 2.12)
with a small, revolute, two degre;: of freedom manipulator using direct drive elec-
tric motors. Special low friction bearings were used at both joints, the links had
relatively little inertia, and because the manipulator operated in the horizontal
plane the motors did not work against gravity. A nine millisecond sample time
was used and the arm bandwidth was limited to approximately five Hertz (20,
pp- 10500-1051]. The test consisted of moving the end-effector along a circular
virtual trajectory. A flat plate was imposed in one portion of the trajectory, caus-
ing the actual trajectory to be roughly semi-circular (see Fig. 2.5). The test was
run with force-feedback (active compliance), and without force-feedback (only the
system’s inherent passive compliance). In both cases the system was stable, even
though the environment and force sensor were very stiff. The use of the impedance
controller created a much smoother (less bouncing) transition from unconstrained
to constrained motion (see Fig. 2.6). The controller tracked the virtual trajectory
when it was not constrained by the plate, and moved along the plate in a stable

fashion when it was in contact with the plate (20, pp. 1051, 1053].

Kazerooni also applied impedance control to a specialized manipulator [28].
He built an active remote center of compliance (RCC) device using a five bar
closed chain linkage (2 degrees of freedom) actuated by two direct drive motors.
The RCC linkage was very small (approximately and two inches by four inches)
and lightweight (5.05 Ib including motors, force sensor, and payload). As with
Hogan’s manipulator, the use of direct-drive motors simplified the dynamics by
minimizing friction, backlash, and other gear train effects. Kazerooni designed the
linkage to uncouple the link dynamics, and he severely restricted the workspace
(0.3 inches by 0.3 inches) to force the Coriolis and centrifugal accelerations to be
small enough to be ignored. Kazerooni demonstrated a close correlation between
the actual dynamic response and the dynamic response predicted by the impedance

control model.
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Figure 2.5. Hogan’s Virtual Trajectory and Ideal Force Response {20, p. 1053].
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Impedance control possesses a number of advantageous characteristics moti-

vating its use as the basis for a compliant motion controller. Two of these are

e As a result of the model, both positioning and compliant motion tasks can
] be controlled with an impedance controller. Therefore impedance control

presents a unified approach to robot control {17, p. 6].

e Because a unified approach is used, impedance control allows smooth tran-
» sitions from unconstrained to constrained motion. For some finite range of
velocity it is not necessary to approach contact with environment using a

guarded move [20, p. 1052].

Hogan’s and Kazerooni’s development of impedance control and the associ-

ated stability theorems has a number of shortcomings

1. The approach is complex and not intuitively straightforward since it involves
modifying the impedance relation to obtain the desired response. Impedance
itself is an abstract quantity composed of stiffness, damping, and inertia

terms.

2. The requirement to use the inverse Jacobian in the control law presents a
minor problem. The computational burden can be overcome through use of

high speed or parallel processors in calculation of the control torque. However

the possibility of singular points within the arm’s workspace remains. Special
error routines may be necessary to control the manipulator near these points,

or trajectories must be shaped to avoid the singularities.

3. Extensive computations are necessary to determine the Coriolis and cen- '#
trifugal (C'(0,w)) term as well as the G(#,w) term. Like the Jacobian, the
computational burden can be overcome through additional computer power,

or the terms could be ignored for low speed motion. %
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4. The control law also does not include any non-linear dynamic effects inher-
ent in the actuator or drive train. High stiction values and motor cogging
have been reported as problems by other researchers doing force control on

a PUMA 560 arm [4, p. 70].

5. The control law does not include the effects of arm vibration (e.g. body
bending modes) or non-linear elastic forces due to deformation in the robot
arm or the environment. For most industrial arms this is not a problem,
but for light-weight arms with lower structural stiffness, like the Space Shut-
tle Remote Manipulator System, this might not be adequate during certain

tasks.

Lastly, Hogan’s and Kazerooni’s demonstrations of impedance control have both
occurred on small manipulators specially designed to possess relatively benign dy-
namic characteristics. A gear driven, vertically articulated arm, such as the PUMA
560, is a much more typical industrial robot. The PUMA is also much more rep-
resentative of the manipulator configuration best suited for the robotic aircraft
refueler. Because the PUMA’s dynamics include significant non-linearities (e.g.
gear train friction, gravitational torques) it provides a much more challenging im-

plementation of impedance control.

2.9 Additional Compliant Motion Topics.

2.3.1 Effects of Friction. Townsend and Salisbury investigated the effects

of friction on force control [54]. They concentrated on Coulomb friction and stiction
(Coulomb friction being the case where static and sliding friction are equal, and
stiction being the case where static friction does not equal sliding friction). Viscous
friction was not considered, because it was already a well characterized linear effect.
Frictional effects on both nearly mass-less and massive friction nodes are discussed,
and the results serve to explain limit cycle and some unstable behavior observed

on force control systems.
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Mass-less friction nodes are those sources of friction resulting from the inter-
action of relatively light-weight components, such as gears or tendons sliding in a
sheath. In contrast, massive friction nodes are characterized by the interaction of
heavy components, such as the friction occurring at a joint bearing supporting a
heavy link {54, pp. 884-885]. Because mass-less nodes can be analyzed using linear
techniques the results obtained are quantitative. Massive nodes exhibit highly non-
linear friction effects and must be studied using non-linear techniques. Townsend
and Salisbury acknowledged the difficulty and sometimes poor accuracy of these

techniques, and the results for massive nodes are principally qualitative.

Townsend and Salishury used a step input response as the basis for the
analysis, since a step input most severely tests a system’s stability. Integral and
proportional controllers were both examined, although the majority of the analysis
concentrates on the integral controller because of its more benign response to a step
input. Throughout the analysis they assumed the dynamic response of the friction
node would be much faster than the dynamic response of the actuator, a good
assumption for most problems. Simulation was used to verify the results of the

mathematical analysis [54, pp. 884-888].

Townsend and Salisbury concluded stiction can induce limit cycling in the
applied force for both mass-less and massive nodes. The applied force response
curve is piece-wise continuous with a “stick” phase (where velocity is zero and
stiction is dominant), and a “slip” phase (where velocity is non-zero and sliding,
or Coulomb, friction is in effect). For a massive node, stiction also has the effect of
reducing the system stability. On the other hand, Coulomb friction has the effect
of increasing stability; a result making intuitive sense because Coulomb friction

effectively adds a constant damping term to the system dynamics [54, pp. 884~

889).
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2.3.2 Additional Stability Issues. Stability is an important issue in the de-

sign of any control algorithm. An and Hollerbach presented two papers on stability
issues for compliant motion controllers. The first deals with dynamic stability in
the presence of stiff environmnents [1], while the second highlights unique kinematic
stability problems associated with hybrid force controllers implemented on revolute
manipulators [2]. The results of these two papers have important implications for

the design of a compliant motion controller.

An and Hollerbach defined two types of instabilities:

Dynamic Instability An instability occurring as the result of interaction be-

tween the manipulator and environment dynamics [1, p. 890].

Kinematic Instability An instability arising from the form of the cartesian to
joint coordinate transformations required in any compliant motion controller

using a cartesian force sensor (2, p. 897].

In their au- ysis of dynamic instability, An and Hollerbach modeled the in-
teraction of the robot and environment as a mass-spring system controlled by an
impedance controller [1, p. 891]. Although they initially began the analysis con-
sidering ouly a single degree of freedom, the results were later shown to be equally
applicable to a multiple degree of freedom arm [1, p. 891-892|. The closed loop
dynamic equation for a one link robot was

mé + —n%K,,:i: + -n% (K, + K.)z = mﬁdk,x,, + %K.,:c’d (2.14)

where

m 1s the link mass

my is the desired link mass, an impedance control parameter specifying the appar-

ent mass of the link

z is the cartesian position of the link
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z4 is the desired cartesian position of the link
K, is the velocity gain
K, is the position gain

K. is the stiffness of the robot-environment interaction

The left hand side of Equation 2.14 represents the system as a second order har-

monic oscillator, while the right hand side is the input forcing function.

A simple root locus analysis of Equation 2.14 demonstrated the system was
stable for all positive values of K,, K,, and K.. However, An and Hollerbach
indicated an extremely underdamped response will occur if K, is chosen without
considering K., since K., is large for stiff environments or assembly tasks with tight

tolerances. In effect, “...force feedback is very high gain position feedback [1, p.

891].”

The dynamics of the impedance controlled mass-spring system were written
as a transfer function G(s). To account for modelling errors and non-linear effects
(e.g. friction, gravity) a disturbance term, E(s), was included in the forward path

of the control loop. For robust stability, An and Hollerbach required
|E(s)| < |14+ G Y(s)| (2.15)

Using frequency domain plots, they were able to show this condition can be met
for all frequencies if K, is small. However, if a stiffer environment was encountered
(large K.), for the same values of K, and K,, then the condition of Eqn. 2.15
could be violated, particularly at high frequencies (1, p. 891]. Whitney made a
similar conclusion about the difficulty of achieving a stable response in the face
of a stiff environment [58, p. 11} and Kazerooni and Tsay have also made the
same conclusion (see Section 2.2.3). The important point is: for a robot to be
dynamically stable in a stiff environment, t.h.e controller must actively change the

effective compliance of the manipulator (usually to a lower value).
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An and Hollerbach indicated kinematic instabilities were not confined to
points where the inverse Jacobian was not defined, but that they could occur
throughout a wide portion of the workspace. As described below, kinematic in-
stabilities are the result of using certain compliant motion algorithms with certain
combinations of the manipulator inertia tensor and kinematic parameters. Because
the inertial and kinematic parameters are a function of the arm design (i.e. revo-
lute, polar, cartesian), the possible presence of kinematic instabilities was found to
be dependant on the arm type. An and Hollerbach first observed these kinematic
instabilities when a hybrid controller was being used to control the MIT Serial

Link Direct Drive Arm [2, p. 898].

An and Hollerbach explained kinematic instabilities mathematically by mod-
elling a two link, two degree of freedom, revolute manipulator using linearized dy-
namics (no gravity, friction, or Coriolis and centrifugal forces). The hybrid force
control law developed by Raibert and Craig (see Section 2.2.2) was employed and
the system closed loop equations were written. Instability occurred in joint an-
gle regions where the combinations of M~!(q) (the manipulator inertia matrix)
and J~!(q) (the inverse manipulator Jacobian) resulted in the closed loop system
eigenvalues in the right half s-plane. For the hybrid controller, instability is only
possible when force control is commanded along at least one constraint frame axis,
however the regions of instability are determined only by M~!(q) and J~!(q) and

contact with the environment is not necessary {2, pp. 898-899].

An and Hollerbach applied the same analysis to a polar manipulator using
hybrid control, and to revolute manipulators using resolved acceleration force con-
trol and stiffness control. Because the polar manipulator has a prismatic link,
M~(q) and J~!(q) have a different format and unstable eigenvalues do not oc-
cur (2, p. 901]. The resolved acceleration controllers include an estimate of the
actual revolute manipulator inertia matrix, M, and if the estimate is precise (i.e.

M = M) unstable eigenvalues are prevented from occurring. An and Hollerbach
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reported good stability rohustness for resolved acceleration controllers, although
if the error in the estimate is large enough instability can occur [2, pp. 899-900].
The stiffness controller uses the Jacobian transpose, J7(q), instead of J~!(q), and
was proven through simulation to be insusceptible to kinematic instabilities {2, p.

900].

In their experimentai research on a revolute arm An and Hollerbach avoided
kinematic instabilities by using resolved acceleration control instead of hybrid con-
trol [2, p. 901]. Dynamic stability was achieved through the use of an inner and
outer feedback loops running at different clock speeds (inner loop = 500 Hz, outer
loop = 100 Hz, see Figure 2.7). The inner loop was a relatively high bandwidth
servo control loop using joint torque feedback. A compensator was added to this
loop to obtain an overdamped first-order type response with limited oscillation am-
plitude. The outer loop used force feedback from the wrist mounted force sensor,
and its bandwidth was limited by a low-pass filter to one Hertz. Foice feedback
allowed more accurate steady-state control of the constraint forces, and use of a

lower bandwidth insured system stability was not affected 1, pp.893-894).

An and Hollerbach tested their compliant motion controller using both one
and two links of the MIT Serial Link Direct Drive Arm. In both cases, the nk(s)
operated in a plane normal to the gravitational force. Response to step and sine
wave force inputs was measured, as well as the manipulator’s ability to follow
an oscillating surface with constant force. An aluminum surface provided a stiff
physical environment. The inner joint torque control loop was tested separately,
and although a good transient response was observed, a steady-state force error
of approximately 6% existed. When the outer force control loop was added, no
steady-state error was observed. They concluded the use of an outer force feedback
loop with the inner joint torque feedback loop improved steady-state force error
without degrading the transient response. The robot’s ability to accurately follow a

sine wave input or oscillating surface degraded as the input frequency increasingly
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exceeded the bandwidth of the outer loop [1, pp. 893-894], [2, pp. 901-902].

An and Hollerbach’s chief contributions were the discovery and explanation
of kinematic instabilities associated with hybrid control on revolute arms, and the
presentation of a simple technique for creating an accurate, stable force controller.
They justified the use of step and sine wave inputs as a realistic measure of compli-
ant motion controller performance. Unfortunately, their experimental results only
considered at most a two link planar manipulator (no gravitational dynamics). By
using a direct drive arm they also avoided many of the complex non-linear effects
(e.g. backlash, cogging, friction) associated with current, gear driven, industrial

manipulators.

2.4 Control Law Selection.

The stiffness, hybrid, and impedance control compliant motion techniques
were considered for implementation in the compliant motion environment devel-
oped for this thesis. Information gathered in the literature review and discussed

in Section 2.2 and 2.3.2 were used to make a choice among the three concepts.

Hybrid control initially appeared attractive because of its simplicity. How-
ever, hybrid control divides a task along orthogonal artificial and natural constraint
frames, and both force and position cannot be simultaneously controlled along the
same axis. This poses a problem for compliant motion tasks involving a moving
constraint surface. The robot refueling problem needs a moving constraint sur-
face because the refueling port will move as the aircraft settles on its landing gear

during the loading of several thousand pounds of fuel.

More importantly, the research of An and Hollerbach indicated kinematic
instabilities could occur throughout the workspace of a revolute manipulator using
hybrid control. The AFIT Robotics Laboratory has only revolute manipulators
available for the testing of robotic control algorithms. As a result, hybrid control

was not considered a viable alternative for implementation in this thesis.
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Salishury’s stiffness control law and Hogan’s impedance control law are sim-
ilar. Both contain damping terms dependant on velocity errors and manipulator
inertia. Neither require the inverse kinematics in the control loop (a computational
difficulty). They also include two of the dominant dynamic effects on a heavy, gear
driven manipulator: friction and gravity. Each require the Jacobian and transpose
Jacobian to transform cartesian quantities into joint space quantities. Both have

been demonstrated in at least a preliminary fashion.

Stiffness control allows a minimum contact force (Fp) to be specified by the
user explicitly. In impedance control contact forces can only be specified implicitly
through clever design of the virtual trajectory and stiffness matrix. Also, stiff-
ness control does not require the inverse Jacobian, while impedance control does.
Therefore stiffness control will not be sensitive to points in the workspace where
the Jacobian is singular. Impedance control will require careful trajectory planning

or special singular Jacobian error routines to minimize the effects of singularities.

Impedance control uses trajectory information in cartesian coordinates. This
is an advantage, because task planning is much easier in cartesian coordinates than
in the joint coordinates used for stiffness control. Impedance control also uses a
more complete dynamic model of the manipulator. In the impedance control law
extra terms are included for the Coriolis and centrifugal forces acting on the robot,
and the position, velocity, and force feedback terms are modulated by the manipu-
lator inertia matrix. Because impedance control has a complete dynamic model of
the manipulator, in addition to force feedback, it should function well during both
the constrained and unconstrained portion of the trajectory. During the free-space
portion of the trajectory, Fr,, = 0, and the impedance control law appears as a
feedforward dynamics control law. During the constrained portion of the trajec-
tory, the force feedback terms add compliance to the impedance controller allowing
it to deal with stiff environments. Stiffness control does not have a comparable

mechanism during the unconstrained portion of a trajectory, and will only appear
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L as a PD feedback loop when F, = 0. Although stiffness control allows constraint
forces to be specified, impedance control allows the entire dynamic response of the
manipulator to be specified through selection of the desired dynamics parameters

M, B, and K. Essentially, stiffness control is a lower order form of impedance

control, since it involves only the stiffness of the manipulator-environment inter-
action, not the damping or mass terms. Therefore, impedance control is a much

more general form of compliant motion control.

The advantages of impedance control led to its selection as the control law
to be used in setting up the compliant motion environment. The selection of
impedance control should not be taken to mean it is superior to all other possible
forms of compliant motion control. Rather, impedance control merely seemed to

be the best candidate of those considered for this study.

The selection of impedance control does have one additional benefit. Hogan
performed and documented a two degree of freedom impedance control experiment
[20] (see Section 2.2.3). In this study the same experiment was repeated, but on a
PUMA 560 with a much more complex and non-linear set of dynamics than Hogan'’s
direct drive manipulator. The experiment served as a test of the compliant motion
environment and also verified the impedance control law’s ability to control a more

complex manipulator.
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III. Algorithm Development

3.1 Impedance Control

A knowledge of the concepts of impedance and admittance as they apply to
robot manipulators is necessary to understand the principals of impedance control.
The following theoretical development begins with a presentation of these concepts
and motivates their use to generate a model of the desired manipulator dynamic
behavior. Given a model of the manipulator’s actual dynamics, pole-placement
techniques are then used to determine a generalized impedance control law. Next,
the assumptions and mathematics used to specialize the control law for this thesis
are presented. Finally, the methods used to calculate specific components of the

specialized control law are discussed.

The discussion of the development of the general control law (Sections 3.1.1

through 3.1.4) draws heavily from papers by Hogan [17},(18],[19]. The specializa-
tion of the control law (Section 3.1.5) is also similar to Hogan’s previous research

[20]. Section 3.1.6 presents new research unique to the PUMA 560 robot arm.

3.1.1 The Concepts of Impedance and Admittance. The terms impedance

and admittance are commonly used in electrical circuit theory. In electrical engi-
neering, impedance is defined as the frequency domain (s-plane) ratio of voltage
to current across some electrical network [5, pp.272-274]. For a linear network,
admittance is the reciprocal of impedance, that is the ratio of current to voltage.

For example, given the simple network of Fig. 3.1 the impedance is found to be

1
I(s) = R+L3+a (3.1)

If more general definitions of impedance and admittance are used, the con-
cepts can be extended to networks of mechanical linkages. Hogan defined the

following:
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Figure 3.1. Electrical Network [5, p. 274}

Mechanical Iimpedance — an entity accepting as input flow or motion (e.g.

velocity or position) and outputting effort (e.g. force, torque).

Mechanical Admittance — an entity accepting as input effort (e.g. force) and

outputting flow or motion (e.g. velocity or position) (17, p. 2].

Position or velocity are the mechanical analogs of charge or current, and force
is the mechanical analog of voltage (electromotive force). Returning to electrical
systems, it is clear a capacitor with charge ¢, capacitance C, and characteristic
equation

g =CV (3.2)

can be thought of as an admittance, since it is taking in voltage (effort) and
yielding charge (integrated motion). Likewise, for mechanical systems a spring
(see Fig. 3.2) acts as an impedance since it accepts displacement (motion) and
creates a force (effort). On the other hand, a mass (see Fig. 3.3) is an admittance

since given a force input it yields velocity (17, pp. 2-3].
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While for linear systems impedance and admittance are reciprocal quantities,
Hogan qualitatively proved for non-linear systems, such as robot arms, ‘mpedance
and admittance are not reciprocals and cannot be interchanged [17, pp. 2-4].
Devices are either fundamentally admittances or impedances, depending on their
behavior. For example, consider a mass existing in an environment with non-linear
effects such as stiction. If the time history of the forces acting'on the object are

known, then using
1 (T
= — d ;
v = = /o Y Fdt (3.3)

it is possible to determine the velocity of the mass. However, given the time history
of velocity it is not possible to determine the time history of force because of the
non-differentiable stiction effect. Therefore masses must be treated as admittances,
and the manipulator and all objects in the environment are correctly dealt with as

admittances [17, p. 4].

For correct theoretical compatibility of non-linear physical systems, Hogan
stated impedances must match to admittances as they have corresponding input
and output variables. If the manipulator links and objects in the environment must
be admittances (since they have mass), then the relationship used by the robot
controller must act as an impedance, hence the term impedance control. Since the

manipulator and environment are, in general, non-linear that relationship cannot

be changed 17, p. 4],(20, p. 1048].

Hogan performed a bond graph analysis with admittances represented as
nodes. Using bond graph theory all the impedances acting on the particular ad-
mittance can be summed to determine the motion of the response (just like all the
forces acting on a mass are summed in Newton’s Second law, TF = ma , to get
the equation of motion). The technique can be applied to any admittance, includ-
ing both inertias in the environment and the inertias of the manipulator links. The
universal nature of the technique is key, because it justifies the use of impedance

control as a method of driving the manipulator, both when it is in contact with
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the environment, and when it is not {17, p. 5-6]. Hence, impedance control can
be used as a unified approach to the separate control problems of unconstrained

position and compliant motion.

Readers can obtain a qualitative feel for the meaning of mechanical impedance
and mechanical admittance by considering two results of Hogan’s, stated here with-

out proof [19, p. 18]

e For a given trajectory, for maximum power transmission from the manipula-
tor to an object in the environment, the controller’s commanded impedance

must equal the environment’s admittance.

¢ For minimum deviation from a desired path and simultaneously minimum
applied contact force (at the interface between the object and the manip-
ulator), the commanded impedance must be directly proportional to the

environment’s admittance.

The first result, the concept of impedance matching, is familiar to anyone who has
matched a set of stereo speakers to an amplifier. The result is useful in robotics
for tasks requiring motion of an object at maximum speed, without regard to
contact forces. It indicates the control law should appear exactly as the actual
dynamics of the manipulator and payload. In fact, this is done by feedforward
dynamic control techniques, although proportional-derivative feedback loops are
also typically included to account for errors arising from imperfect modeling of the

manipulator dynamics.

The second result is useful for compliant motion control tasks. The qualita-

tive insight to be gained is best stated by Hogan
If the environment is unyielding (low admittance), the manipulator
should accommodate the environment (low impedance); if the environ-

ment offers little resistance (high admittance), the manipulator may
impose motion upon it (high impedance) {19, p. 18].
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For example, consider the robot refueling task. When the nozzle is moving through
free-space a high impedance control value may be used (since air has little resis-
tance, i.e. high admittance). However, when the nozzle contacts the aircraft, lower
impedance values must be used because the aircraft surface is stiff (low admit-
tance). The end result is the use of force feedback, a measure of the environment’s
admittance, to adiust the impedance imposed on the system by the controller {20,

pp. 1048-1049].

3.1.2 Desired Dynamics. “A general strategy for controlling a manipulator

is to control its motion (as in conventional robot control) and in addition give it
a ‘disturbance response’ for deviations from that motion which has the form of an
impedance [17, p. 4]”. To give the manipulator the correct disturbance response,
the first step is to choose the form of the desired impedance for the manipulator.

The result will specify the desired dynamic behavior of the system.

For simplicity, consider the model of the interaction between the manipula-
tor and the environment to be a simple second order mass-spring-damper system
(shown in Fig. 3.4). Here the mass, M, is the mass of the manipulator. Let K
be the stiffness of a linear spring whose displacement from its normal, relaxed,
cartesian position (z,) is z, — z. The damper has damping coeflicient B, and acts
with a force linearly proportional to the difference between a nominal cartesian

velocity (v,) and the current velocity v. Then applying Newton’s Second law

dv
YF =M (3.4)
gives
do
K(zo —z) + B(vo — v) + Fege = M ?1‘? (3.5)

Instead of working with the external force applied to the manipulator by the

environment (F,.,), Hogan chose to use the force applied by the manipulator to the




ext

NN

Fypring = K(z, - 7)

Fdamper = B(Q’o - l’)

Figure 3.4. Target Dynamics Model

environment. He called this the interface force ( Fi,,) where

F'int = "Fezt (3’6)

Substituting Eqn. 3.6 into Eqn. 3.5 aud rearranging yields

Fni = K(z,—z)+ B(v, —v) — Afl% (3.7)

The above equation represents the desired dynamics of the manipulator for a single
degree of freedom. It can be expanded to a three dimensional, six degree of freedom
problem (three degrees of translation and three of rotation) simply by considering
Fine, o, vo, , and v to be 6 x 1 vectors. Then K and B are taken to be 6 x 6
matrices, and for the simple case of decoupled motion along each of the cartesian
axes, i and B are diagonal. The mass term becomes a 6 x 6 inertia tensor. If the

manipulator’s desired behavior is set up as a rigid body with principal axes along
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the three cartesian axes, then

(m 0 0 0 0 0 |
0m 0 O 0 O
0 00m 0 O O
M = (3.8)
0 0 o0 I.. 0 O
0o 6 0 0 I, O
| 0 0 O 0 0 I, |
The six degree of freedom desired dynamics are [18, p. 10]
= TR - . dv
Fiy = K(Z,—- %)+ B(9, — - )—.Mzt- (3.9)

The values for the M, B, and K control parameter matrices will deter-
mine the response of the manipulator as it tracks a commanded trajectory (Z,, v,),
and/or reacts to a disturbance foree (represented here as the interface force, Fine).
These parameters can be chosen using conventional control techniques by modeling
the system in the Laplace domain (s-plane). Consider the desired dynamics for the

scalar case (Eqn. 3.7) written in terms of an error, e(t), where

e(t) = z,—=
é(t) = v,—v
é(t) = vo—1 (3.10)

For simplicity, the commanded trajectory does not include desired acceleration
information, so the desired acceleration is assumed to be zero (t'r;., =0). v, = 0.
Then

Fine = Ke(t) + Bé(t) + Mé(t) (3.11)

and taking the Laplace transform yields the 2nd order system transfer function,

E(s) 1
Fine(3) T s 4 %3 + Klq

(3.12)
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The denominator of Equation 3.12 is the characteristic equation of the desired

dynamics. The characteristic equation of a 2nd order system is of the form,
8% + 2(wns + Wl (3.13)

where w, is the natural frequency of the desired dynamic system (in radians per
second) and ( is the damping ratio. Comparing Equations 3.13 and 3.12, establishes

the following relationships

K
2= .14
W= (3.14)
and
B
2Cwn = 'M— (315)

Given a desired damping ratio, natural frequency, and stiffness for the tool-environment
interaction, the necessary values for B and M can be determined. In this thesis,
damping ratios of ( > 1.0 are desired to insure the response of the manipulator is

critically damped or overdamped, thereby preventing oscillation of the end-effector.

The closed-loop s-plane poles of the desired dynamics are at
8 = 0t jwy (3.16)
where the damping coefficient, o, is
o = —(wn (3.17)
and the damped natural frequency, wg, of the system is

wg = wny/1 - (2 (3.18)

The effect of the pole locations on system response is discussed in detail in [7, pp.

75-102).

In this thesis, the desired dynamics are chosen to provide separate, decoupled
responses along each degree of freedom. As a result, so the M, B, and K matri-

ces are diagonal. If non-diagonal matrices are used the response can be coupled
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between several degrees of freedom. In this case, the dynamic response must he an-
alyzed using eigenvector-eigenvalue matrix techniques, although the fundamental
principals are the same as the simpler scalar case (these techniques are explained

by Kazerooni in [27}).

3.1.3 Manipulator Dynamics. The manipulator dynamics are assumed to

be of the form given by Hogan [18, p. 10]
d@ = _ - - . - .
I +C@D+V(@+ 5@ = X7 (3.19)

where for a n degree of freedom manipulator

¢ = the vector of joint angular positions (n x 1).

¢ = the vector of joint angular velocities (n x 1).

I(q§) = the configuration dependent manipulator inertia tensor (n x n).

(-/'.(d',;f) = the configuration and velocity dependent vector of Coriolis and cen-
trifugal torques on each joint (n x 1).

17(6') = the vector of velocity dependent torques acting on each joint. These are
principally friction forces (n x 1).

§((f) = the vector of position dependent torques acting on each joint. The most
significant component is typically gravity (n x 1).

Y 7; = the sum of the torques applied at the links. If the manipulator is in free-

space then ¥ 7; only includes the actuator torques (Tact). If the manipulator
is in contact with the environment, then Y7, = T, + Tine where 7, is
the vector of interface torques imposed on each link by contact with the

environment.

The equation for the manipulator dynamics can include all the dynamic ef-

fects typically incorporated into a manipulator model. It is equivalent to the closed
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chain Lagrange-Euler dynamic model used by Walker and Orin [57, p. 207}, and
functionally equivalent to the closed chain dynamics presented by Potkonjak and
Vukobratovic [46, p. 322].

The dynamic model does not include terms to account for gear train dynamics
(except for friction) and actuator dynamics (except for the motor inertia incorpo-
rated into I(§)). As a result, the minor, non-linear effects of gear backlash and
motor cogging are not modeled. The links are assumed to be inflexible, and any
high order vibrational dynamics of the links are not considered significant enough

to be modeled (a good assumption for a very stiff structure like the PUMA).

With a reasonably accurate model of the manipulator established, it is pos-

sible to proceed with the control law derivation.

3.1.4 Control Law. Pole placement techniques are used to derive the con-
trol law by comparing the model of the desired dynamics (Eqn. 3.9) to the model
of the actual dynamics (Eqn. 3.19). It is possible to algebraically solve for 7., as
a function of the commanded cartesian position and velocity (Z,, ¥,), the interface
forces (f',-,.,), and the desired dynamic parameters M, B and K (see Appendix A).

The result for an n degree of freedom arm is

Far = HIDTMTK [7, - L(D)] + 5(3)
+ (I MTB [, - H()d] + V(D)
- [H@ + KDIHD ' M™] Fine
- (I GG 9) + C(§,9) (3.20)

where, in addition to the components already defined,

E(zi') = the manipulator forward kinematics function. A vector function yielding

cartesian position and orientation as a function of the joint angles (n x 1).

J(¢) = the manipulator Jacobian J(§) = d—%ﬂ a matrix (n x n)
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(zv"(é',cf) = the vector of Coriolis and centrifugal torques resulting from differenti-

ation of the Jacobian (see Appendix A).

Equation 3.20 has been arranged so the first row contains the position dependent
terms, the second row the velocity dependent terms, the third row the force feed-
back terms, and the last row has the inertial coupling and Coriolis and centrifugal
terms. Equation 3.20 is well described by Hogan as “a non-linear feedback law re-
lating actuator torques to observations of actuator position, velocity, and interface
force,” and it “expresses the required behavior to be provided by the controller. .. a

non-linear impedance in actuator coordinates {18, p. 10}.”

Hogan claims the full control law requires about the same number of compu-
tations as the exact, recursive Lagrange-Euler or Newton-Euler open chain dynamic
¢. uations [18, p. 10]. For a six link serial manipulator using the Lagrange-Euler
technique, Hollerbach reported a requirement for 2195 to 4388 multiplications and
1719 to 3586 additions, depending on the order of the homogeneous transforma-
tion matrices used in the computation (21, p. 732]. In this study the number of
computations were reduced by making assumptions about the task, thereby allow-
ing significant simplification of Eqn. 3.20. These assumptions and the resulting

simplified control law are discussed in the next section.

3.1.5 Simplified Control Law The full control law presented in Eqn. 3.20

is computationally involved. For less demanding compliant motion tasks it may
represent an unnecessarily high degree of modeling accuracy. This degree of accu-
racy may be difficult to implement in a real-time digital control microprocessor. In
this study the complexity of the control law was reduced by making a few limiting

assumptions about the nature of the task.

By assuming low joint velocities, the Coriolis and centrifugal terms (@(q",t‘f)

and C( q‘,g'f)) can be assumed to be negligible. This is a reasonable restriction for

most compliant motion tasks since high speed motion is not usually required, or in
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some cases even desirable.! Dropping the G and C functions from the control law
significantly reduces the number of calculations required. For example, even with
symbolic reduction of the Lagrange-Euler equations, determining 5((}', zj’) for a six
link robot arm requires 215 multiplies and 142 adds (50 % of the total operations
required) [35).

If the velocities are assumed small, the commanded cartesian velocity can
be approximated as 7, = 0. Making this assumption does not significantly reduce
the number of computations required, but it does simplify the handling of trajec-
tory information. Trajectories no longer have to be created with a look-up table
of velocity versus time, corresponding to a similar table of position versus time.
The table of velocity values does not have to be loaded into the limited memory
of the control computer, and the real-time control algorithm does not have to in-
terpolate velocity values in between trajectory set-points. Lastly, the elimination
of ¥, allows the I(q)J(¢)"'M~'B and ~J(q) matrices of the control law damping
term to be combined into a single term, —I(§)J(¢)"*M~'BJ(q). The combined
term can be calculated asynchronously in a separate parallel processor to reduce
the computational load in the primary control processor. Unfortunately, lack of
desired velocity information wili degrade the ability of the manipulator to track
fast trajectories. For accurate well behaved tracking of trajectories, at moderate to
high speeds, provisions should be made for including ¥, information in the control

algorithm.

Further reduction in the number of control law terms cannot be theoretically
justified when the law is being applied to a vertically articulated, gear driven robot
like the PUMA 560. The large gravity component in the PUMA dynamics prevents

the elimination of the S(q) term. For example, with no load, the gravitational

torque on link 2 varies from -0.72 N-m to 62.5 N-m. Also, V(é’) cannot be dropped

THowever, elimination of these terms will decrease the accuracy of the controller at high speed,
and will limit the impedance control law’s ability to serve as a unified control law for use in both
compliant motion tasks and freespace trajectory tracking tasks.
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because of the substantial friction present in the gear train (36, pp. 6-10], [32, pp.
20-21].

Based on these assumptions, the control law implemented in this study is

Fae = HDIDMK [&, - L(@)] + $(@) - H(DI(@ M BI(T+ V(q)
- [7@" + (DI(@) M| Fine (3.21)

The simplified demonstration of impedance control performed here only requires
links 2 and 3 to be governed by the impedance control law. Links 1, 4, 5, and
6 are assumed to be fixed at the position ¢ = 0. Therefore compliant motion is
restricted to the world coordinate xz plane. This dramatically reduces the number
of computations required. The reduction occurs because the order of the matrices
and vectors involved is only n = 2 instead of n = 6. A further reduction occurs
because the equations required to calculate elements of I(§), J(§), L(q), and S(q)
are greatly simplified. The choice of ¢ = 0 for the inactive joints is not significant
in itself. Any fixed value of q for these four joints would be sufficient, although the
use of ¢ # 0 would alter the constant values used in symbolically determining I(q),
J(9), E((i), and §(§') Control of joints 1, 4, 5, and 6 is performed using a simple

proportional-derivative feedback loop as discussed in Section 3.3.

The simplified control law, Eqn. 3.21, is similar to the control law used by
Hogan for an experimental demonstration of impedance control {20, p. 1050]. He
included a full calculation of the Coriolis and centrifugal, ((_r;(zf,(j') and C_:(ti',tf)),
torques. He implemented the control law on a specially designed, direct-drive,
two link robot arm. The arm had very low joint friction values, so V(tf) was not
included in the control law. The arm was also horizontally articulated, so gravity

compensation (§ (¢)) was not necessary.

3.1.6 Development of Control Law Components. Equation 3.21 provides the

control law for joints 2 and 3. To calculate the actuator torques on these links it is

first necessary to determine values for the inertia tensor, Jacobian, gravity torque
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vector, forward kinematics, and friction torque vector. Development of symbolic
equations for I(g), J(q), J(§)~ 7, $(4), and L(q) is described below and in Sections
3.1.6.1 through 3.1.6.4. An existing subroutine is used to calculate the viscous and
Coulomb friction forces comprising V(cj') (33, p. 10]. The calculation of F.., based

on forces and moments measured by the force sensor is discussed in Section 3.2.

In general the quantities I(§), J(¢), J (971, $(§), and L(§) are symbolically
determined for the case where joints 1, 4, 5, and 6 were positioned at ¢ = 0.
Substituting the Denavit-Hartenberg parameters describing the PUMA 560 (see
Fig. 4.2) into the symbolic relationships creates the equations implemented in
the digital processor. Parameters relating to the tool or payload dimensions and
mass are left in symbolic form to allow for greater user flexibility. The control law
equations are also left as functions of the desired dynamics parameters, M, B, and

K. The resulting equations are relatively compact and straight-forward to code.

9.1.6.1 Forward Kinematics. The forward kinematics were developed

symbolically using a MACSYMA robotics CAD program intended for symbolic
construction of a manipulator’s kinematic and dynamic equations. The program
was developed by Leu and Hemati [41], and implemented at AFIT by S. Parker in
1988.

The forward kinematics consist of the °Ty 4 x 4 homogeneous transformation

matrix, where

nz 3: az pz 1
°R l p n & dawp n, 8, a
oT, = 6 p _ p - y Sy Gy Py (3.22)
6 06 O I 1 0 001 n. $. Q. P

[0 0 0 1

For determining the cartesian position based on joint angles, the forward kinematics
function (L(§)) need only compute the tool position vector (p). Because only joints

2 and 3 are controlled by the impedance controller, and all the other joints are fixed
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at ¢ = 0, motion only occurs in the world xz plane. Therefore, only p, and p. are

calculated since p, is fixed.
Using MACSYMA the forward kinematics were found to be
P: = dessin(gz + ¢s) + azcos(qz + g3) + a2 cos(qz)
py = d;

P: = dg4cos(qz + q3) — azsin(gz + g3) — a3 cos(qz) (3.23)

where a;, and d; are the Denavit-Hartenberg parameters for the ith link as given

in Fig. 4.2. The parameter dg4 is uniquely defined for this study as
des = dg+ dy + Lioot (3.24)

The variable L., is the distance along the joint 6 Z-axis from the joint 6 tool
mounting flange to the tip of the tool. Equations 3.23 agree with those published

in [16, p. 45] where ¢ = 0 for joints 1, 4, 5, and 6.

Knowledge of ®Rs is not directly necessary for computing components of Eqn.
3.21, but it is used in obtaining F‘,-,u in the world coordinate frame (see Section
3.2.5). For purposes of finding the interface force, ¢’ can not be assumed to be zero
for joints 1, 4, 5, and 6. A complete, accurate set of joint angles is required to
insure the orientation of the tool is correctly computed. As a result the symbolic
equations for °Rg are a function of all six joint angles and are used exactly as they

appear in the literature (16, p. 45].

J.1.6.2 Jacobian. The manipulator Jacobian relates values described
in joint space coordinates to values expressed in cartesian coordinates. The Jaco-

bian is commonly defined by (43, pp. 10-11], [16, p. 544] as

i=J§ (3.25)
Given a forward kinematics function, E((ﬂ, calculating the cartesian position vector
as a function of ¢ then _,_é
& = L(]) (3.26)
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and the Jacobian is found from differentiation

. dL(&)-
5 =3 = D (3.27)
d
asz
_ di(g
7= (3.28)

For a n degree of freedom manipulator with m links the Jacobian is n x m.

Since only x and z position, velocity, or force values are being considered in
the control law, and only links 2 and 3 are being controlled, the Jacobian is 2 x 2.
Of the general 6 x 6 Jacobian, only the J;2, Ji3, J32, and J3; elements are used.

From the definition of L(§) and Eqn. 3.28 the 2 x 2 Jacobian is

9p:  Opx
J = Z;_: Zz (3.29)
9 9qy

Using MACSYMA the Jacobian elements were found to be
Jii = degcos(q; + q3) — azsin(qz + ¢a3) — azsin(g;)
Jiz = descos(gz + g3) — assin(qz + ¢3)
Jan = —dessin(gz + q3) — az cos(gz + g3) — az cos(qz)
Jaz = ~—dgasin(gs + ¢3) — ascos(qz + qa) (3.30)
MACSYMA'’s powerful symbolic manipulation capabilities were used to find the

inverse Jacobian (J~!) as

1 )
Jit = X [deq sin(g2 + ¢a) + aa cos(gz + g3)]

1 .
J,‘; = 3 [—des cos(gz + ga) + as sin(qz + q3)]
1 )
Jnat = X [daq sin(gs + g3) + aa cos(gz + ¢a) + a3 cos(gz)]
1 . .
Jn = A [—deq cos(qz + ¢3) + assin(gz + ¢3) + a; sin(gy)] (3.31)

where A = det(J) = a3 [a3sin{qs) ~ des cos(qs))

2This definition of the Jacobian is invariant for the xyz position elements, but for orientation
angles it is dependent on the choice of angles {43, pp. 10-11].
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3.1.6.3 Manipulator Inertia Tensor. The manipulator inertia tensor

represents the effective and coupling inertias of all the manipulator links as seen by
the actuators. More specifically, the I;; element of the inertia tensor is the inertia
seen by the actuator at the ith joint as it accelerates the combined inertia of the
ith link and all the other links placed in motion by the movement of the ith link
(i.e. if link 3 is attached to link 2, then moving link 2 causes link 3 to move). “The
I;; element of the inertia tensor is related to the reaction torque ...induced by the
acceleration of joint j and acting on joint ¢, or vice versa [16, p. 96]”. The reflected
inertia of the i#th motor is included with the I; term, since for a geaf driven robot
the motor’s own inertia appears as a significant portion of the overall load. As

with a rigid body, the manipulator inertia tensor is symmetric.

For an n degree of freedom manipulator the inertia tensor is n x n. This
impedance controller only deals with links 2 and 3, so the inertia is a just a 2 x 2
subset of the full 6 x 6 six degree of freedom inertia tensor. In this case, I(q) consists
of the I, I53, I3;, and I3 elements of the 6 x 6 inertia tensor. For simplicity these

values are renamed I,, I 5, I35, and I5,.

Tarn and Bejczy provided symbolic equations for the effective and coupling
inertias of links 2 and 3, assuming joints 4, 5, and 6 (the wrist joints) are at ¢ = 0
(52, pp. 12-14]. These were loaded into a MACSYMA batch file along with the
values of the PUMA 560 Denavit-Hartenberg parameters, the link masses, and the
radii of gyration of the individual links®. MACSYMA was then used to develop
the symbolic equations for I(§) as function of ¢z, g3, and the payload parameters.

The resulting equations are

Ly = 15 [0.8636 (Z3sin(gs) + (s — 0.0191) cos(gs)) + kZ, — 0.0382%; + 0.18682]
+ 3.5654

Ly = 13 [0.4318(Z;sin(gs) + (Fa — .0191) cos(ga)) + k2, — 0.0382% + 0.00036)

3The MACSYMA batch file routine was developed at AFIT by L. Tellman in 1988.
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I?l = Il2

Iy = iy [kZ, — 0.03827; + 0.00036] + 0.5827 (3.32)

The terms mg3, T3, Z3, and kjy are inertial parameters of link 3 affected by
the user determined payload mass. The total mass of the third link, wrist, and
payload is m;.

msy = ma + Myrige + Mpayload (3.33)

Tarn gives the sum mg3 + My, as 6.97 kilograms for the PUMA (52, p. 18]. For

this study mpayoad consisted of the force sensor and tool masses (Mmroq).

The location of the third link center of gravity, in the third link coordinate
frame, is given by F3 and z;. These values are a function of the mass and center
of gravity locations of the payload and wrist. The payload is assumed to be sym-
metric, with a center of gravity along the Zs coordinate axis. Since g = 0, the
Zg and Z; axes are aligned and the combined link 3, wrist, and payload center of
gravity is not affected in the g3 direction by variation in payload mass. Therefore,
¥; is constant and has been included numerically in the inertia equations. Using
the definition of the center of mass, and the combined link 3 plus wrist center of

mass given by {52, p. 18], T3 and Z3 can be found to be

- Z5

L3 = ——
m3

7, = 21Ts (3.34)
ms3

where Z5 and Zz3 are the unloaded location of the link 3 plus wrist center of mass

(0.0136 meter and 0.1522 meter respectively) [52, p. 18].

The last payload parameter, k3, is the radius of gyration about the g3 axis
for the third link, wrist, and payload combination. Although this is affected by
the payload, the effect has been shown to be insignificant, particularly for small
payload mass [38]. As a result, k3, was kept constant at the value given by Tarn

for the unloaded third link and wrist (0.28035 meter) {52, p. 18].
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3.1.6.4 Gravity Torgue Vector The gravity torque vector represents

the torque at the ith joint, due to the force of gravity acting on the combined
center of mass for all the links between the ith joint and the payload (including
the payload mass). The gravitational acceleration g equals 9.8062 m/ s?. Tarn and
Bejczy provide the symbolic equations for the gravitational torque on links 2 and

3in [52, p. 17]. These were already developed for the wrist joints fixed at zero, so
S() is

S1 = 83 — gaymzcos(qz) + gm, [yz sin(qz) — (Z2 + a2) cos(qz)]
S; = —gmg[(Ts + a3) cos(gz + ¢3) — Z3sin(gz + ¢3)] (3.35)

3.2 Force Sensing.

The impedance control law requires knowledge of the forces and moments
applied by the manipulator at the interface with the environment (f’,-,,,). The
interface force cannot be measured directly with a wrist mounted force sensor,
since the sensor measurements will include tool weight and invariably some sensor
bias errors. Also, a wrist mounted force sensor only provides force measurements
in the sensor frame. However, it is desirable to have interface force expressed in
world coordinates because this fixed frame is typically the easiest to use for task
planning. Therefore, to get interface force the outputs of the force sensor must be
scaled, calibrated, and then transformed to a tool frame located at the point of
contact with the environment; from the tool frame the force information must be
transformed to the world coordinate frame where it can be compensated for the
force of gravity on the tool and sensor. Only after all these manipulations is the

force sensor data ready to be used as F.ne in the control law.

J.2.1 Force Data Scaling. The output of the JR3 force sensor is a 6 x 1

vector of measured forces and moments ( F,,). The JR3 sensor provides this infor-

mation over the parallel (Direct Memory Access) interface as a signed number of
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A/D counts. The sensor uses a 12 bit A/D converter with a hipolar range of 2048

counts (i.e. 12'?). Floating point values of measured force are then obtained with

] Fccale -
Fm - 2048 Fm.countc (3°36)

where F,,. is the diagonal matrix of full scale values for each of the six measured
forces and moments and ﬁm,cwm, is the same as ﬁm but is expressed in A/D
counts.. Nominally, the elements of F,.,. are set equal to the force or moment
load capacity of the sensor along the associated axis (see Section 4.2). As elements
of F,.ai. increase the resolution of the corresponding force measurements decrease,
although greater values of force can be measured. According to JR3, increasing
Fiycate beyond the rated load capacity of the sensor allows overload conditions to

be measured [24, p. 3-3].

For any individual test F,.q. is constant so Eqn. 3.36 can be simplified to

- —

Fm = Fachm.count: . (337)

where F,,;, = L

Sule is a diagonal matrix of constants.

3.2.2 (alibration and Fzxternal Force in the Sensor Frame. The output of

the sensor is postulated to contain three types of errors,

e Known Constant Errors — such as data offsets included by the sensor.

e Unknown Constant Errors — such as forces created by bolting the tool to

the sensor, and errors due to sensor gain drift.

e Random Noise — if this is assumed to be zero mean, stationary, uncorrelated,
and Gaussian it can be ignored for a sufficiently large number of measure-
ments. Since the forces are sampled at a high rate, a typical compliant motion
trajectory sliould contain a sufficient number of measurements for this to be

true.
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The constant errors can be measured and summed to form a 6 x 1 vec-
tor of calibration constants, f‘, Because these errors occur in the force sensor
measurements in the sensor frame, they are most easily accounted for before the
measurements are transformed to any other frame. Then the total external force

on the tool (f’comg) as measured in the sensor frame is

iﬁtotezt = ﬁm - i‘c = F:clfm.cwntc - F:: (3'38)

3.2.9 Limit Checking. A force sensor can be damaged by application of ex-

cessive force to the force transducer. Forces above the ultimate mechanical strength
of the transducer will result in fracture of the internal force sensing element. Forces
above the yield strength of the transducer can cause plastic deformation of the
sensing element, permanently altering its elasticity. When this occurs the sensor
must be recalibrated to account for the altered relationship between the measured

strains and the applied forces or moments.

To prevent damage to the sensor, the forces on the sensor, in the sensor frame,
are compared to the user defined maximum allowable force (ﬁmu)- If ﬁ,otut >
I:'",,,“ is true then an error condition is generated, causing the arm motion to stop,
and alerting the operator. The maximum allowable force is easily defined as a

function of the full scale force,
ﬁma: = Iycale X (LIA/IIT) (339)

where LIMIT is a 6 x 1 vector of limit factors. Note, the choice of F,.;. does not

place an upper bound on F:maz since LIMIT values can be greater than one.

3.2.4 Transformation to Tool Frame. For compliant motion tasks involv-

ing a tool in contact with the environment, the force and moments applied by the
manipulator are best measured in a coordinate frame with an origin at the point
of contact. Using this frame allows any moments applied by contact with the en-

vironment to be specifically determined. Using a coordinate frame remote from
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the point of contact results in moments being measured which are not truly the
result of contact with the environment. Instead, the measured moments include
components generated by forces acting at a distance from the point about which

moments are measured (see Fig. 3.5).*

Because the wrist mounted force sensor must be placed between the tool
and the manipulator, its coordinate frame cannot be coincident with the point of
contact. However, using a corrected version of the technique presented in {50}, it
is possible to translate the sensed forces and moments to a coordinate frame at
the working end of the tool (the tool or nsa frame), and eliminate any “artificial”
moments caused by contact forces acting on the tool at a distance from the sensor

coordinate frame.

Assuming the sensor and tool frames are parallel, but displaced by some

distance | 7 |, then from Fig. 3.5

M = M, - (7= F) (3.40)
since 7 is known for a rigid tool and F is measured, it is possible to calculate the
moments at the contact point. The sensed forces and moments can be translated

to the tool frame using the relationship

O r. -r
- (‘F.X ﬁ) = -7, 0 e i (3.41)
ry -7, O

*True contact moments are defined to be those generated by a force couple applied about an
axis of rotation. Examples are the moment exerted on a screwdriver by a screw, or the moment
imparted to a beam by a rotational spring attached to one end.
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ﬁ = Contact Force
M = "True" Contact Moment
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contact moment.

Figure 3.5. True Moments vs. Sensed Moments
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to get the translation equation

[ Froteetis | [ 1 0 0 00 0] Foteat |
Fiotezt,y 0 1 0 000 Fiotezt,y
Ftsta | _ | 0 0 1 000/ Foes (3.42)
Missere 0 r —r, 10 0| Muoeses
Miotez,y -r, 0 r, 010 Miotest y
| Meoteat,: | L v e 00 0 1 ]| Meotears |

For the nozzle simulator used in this study the tool frame is parallel to the
sensor frame and the sensor Z axis is coincident with the 4 axis (see Fig. 3.6).
Since the diamicier of the nozzle is much less than the tool length, it is ignored,
thus contact is assumed to occur along the tool centerline (& axis) at the end of
the tool. According to JR3, the sensor coordinate frame is located at the center
of the transducer [24, p. 4-24]. Labelling the distance between the sensor and the

tool frames as the “sensed tool length” (Lrg) then

Lrs = (Tran.sduce; Thickness) 4+ Looy (3.43)

and

r = Lrsz, (3.44)

Therefore, the only effect of the translation between frames is on the moments

about the z, and y, axes
[Mtotezt,:]nm = [A’ICote.tt,z]SQ",o,. + LTSEotezt,y . (345)

[Mtotezt,y],ua = [A’ftote:tt.y]sen,m. - LTSFtotc:rt,z (?’46)

3.2.5 Transformation to World ('oordinates and Gravity Correction. Equa-

tion 3.42 yields the calibrated external force in tool coordinates. Unfortunately, é

knowledge of forces and moments in the tool coordinates is not particularly useful
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Figure 3.6. Tool and Sensor Diagram
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for a user who has surfaces and objects of the environment defined in world coordi-
nates. Since world coordinates are fixed, they provide a much more intuitive basis
for task planning. If cartesian trajectories are described in world coordinates, then
forces must also be described in the same coordinates for consistency within the
control law. As a result, a transformation of I?}o,,,,t between the tool coordinates

and world coordinates is needed.

From the robot kinematics, a vector A; expressed in the ith frame can be

transformed to an alternative frame (j) using the rotation matrix /R;
A; = R4, (3.47)

Let 1 and j designate the coordinate frames assigned to the ith and jth links (see
Fig. 4.2) of the PUMA arm. Designating the world coordinates as j=0 and the
sixth link coordinate frame as i=6, the transformation between the two is °Rg. It
is possible to mount the force sensor and the tool with their coordinate frames
parallel to the joint 6 coordinate frame, then for purposes of rotating vectors from
one frame to another,

°Rs = °Rnua (3.48)

The rotation matrix °Rg is contained within the upper left 3 x 3 block of the

homogenous transformation matrix for the complete forward kinematics

°R l“ i §dp
oT, = S 0 P (3.49)
0 0 0]1 0001
and
ny 8 a;
°Re = | n, s, a, (3.50)
n. $. a.

Using Eqn. 3.47 to rotate the vector of external forces and moments from

the tool to world frames gives

[Feoteztly = °Re [Ftotz:c]ma (3.51)
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The total external force acting on the tool consists of forces and moments applied
at a point by objects in the environment (f,,,), and body forces acting on the
entire tool. At low velocities and accelerations the forces due to tool inertia and
the Coriolis and centrifugal accelerations are small. Therefore the only significant

-

body force acting on the tool is gravity (F,) so

Fiotest = Four + F, (3.52)

The interface force is needed in the control law, and from Section 3.1.2

— —

Fint = _Fe:t (3-53)
so combining with Eqns. 3.51 and 3.52 results in

[Fine)g = — °Rs [Ftotczt]n,a + [Fg]o (3.54)

Examining Fig. 3.6, in world coordinates (represented by the unit vectors i

7, and k) the gravitational force acting on the tool is

-

F, = W = —Mrsgk (3.55)

where W is the sensed weight of the tool, g is the acceleration due to gravity
(9.8062 m/s?), and Mrs represents the sensed mass of the tool. Here it is important
to note the sensed mass and sensed weight of the tool must be used because the
force transducer senses a portion of its own weight when it measures the total

external force on the tool (see Section 3.2.7).

Again, from Fig. 3.6 the moment induced by gravity about the end of the

tool is
M, = Fogo x W (3.56)
In tool coordinates 7.y, = —Lcg,a, but to perform the cross-product in Eqn. 3.56

Tegs Must be rotated to world coordinates using

|
[regsly = "Re| 0 | (3.57)
“ch: J

rsa
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giving
[rcga]o = —a,_.ch,; e achgn.:; - achgnk (358)

Combining the above with Eqns. 3.55 and 3.56, the gravitational moment becomes

[MQ]O = avcha]MTSQ';f - achgaMng.; (359)

Substituting Eqns. 3.55 and 3.59 into Eqn. 3.54 produces the equation used

to calculate interface force

[Rnt]o = '“ORG [Ftotezt] + AJTSg (360)

nsa

where values of i}o,,ﬂ are obtained from Eqn. 3.38.

3.2.6 Determining Calibration Constants. The values of the six calibration

constants must be determined before Eqn. 3.38 can be used to calculate the total
external force. The calibration constants are used to correct for constant force
measurement errors included in the measured force in the sensor coordinate frame.
It is important to understand the calibration values will only be constant when
expressed in the sensor frame. If expressed in the world frame they will be a
function of the arm joint angles, and if expressed in the tool frame the translation of
the moments between the tool and sensor frames must be accounted for. Therefore,
it is easiest to calibrate the measurements before they are moved from the sensor

frame.

If a known value of F.,, is applied by the arm, and the arm’s position is
known, Eqn. 3.60 can be used to derive the relationship for calibrating the arm.

The easiest way to create a known Fint is to move the tool to a point in space
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where it is not in contact with the environment. Then Fin = 0, and the left side
of Eqn. 3.60 goes to zero. Next, if the arm is positioned with the sensor and
world frames aligned, °Rg becomes an identity matrix, and it is possible to solve
for IFM,,, without having to perform additional calculations involving the inverse

of °Rg. So with a properly positioned arm, Eqn. 3.60 is

(1 0 0/0 0 0 [ 0 ]
0 -1 0 0 0 0 0
0 0 -1 0 0 0 -1
0 = [Fiotezt],,a + M1s9 (3.61)
0 0 0|-1 0 0 ayL.g,
0 0 0 0 -1 O —achya
0 0 0|0 0 -1] o |,

But ¢, = a, = 0, and if Foorext is replaced by the results of Eqn. 3.42, then

performing the negative identity matrix multiplication reduces the above to

- Botczt,z
- Eot::t,y
"F'totezt,z - Mng

0 - (3.62)
‘A’[totcxt,:r - LTSFtotezt.y

- Mtotc:t,y + LTSF'tote::t,a:
L _A'Itote::t,z J

nsa

Substituting for I:",otm and M,om, with Eqn. 3.38 introduces the calibration

constants F‘; and Mc resulting in

[ F::,z - Fm,z
F.,— Fn,
Fcz - Fm,: - A
0= | Tsg (3.63)

A'Ic,z - Alm,z - LTS(F‘m.y - Fc,y)
A’[c.y - A’Im‘y + LTS(Fm,:r - Fc.:)
L Mc,z - Mm,z
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Measured values of F':,. and 1!?,,. are available in the sensor frame from the
force sensor. These can be used if the above equation is transformed from the tool
frame to the sensor frame using the technique of Section 3.2.4 (with the sign on

Lrs reversed since the translation is in the opposite direction). The transformation

is
[ 11 F.c - Fue '
I 0 F.y— Fny
0 = Fe.~ Fn.— Mrsg (3.64)
0 -Lrs O M. — Mnz— Lrs(Fny — Fey)
Lrs 0 O T M.,— Mpny,+ Lrs(Fpn.—F.z)
| o o o || Me. — M I
At this point simple algebra leads to the values of the calibration constants
[ F.. | [ P 1
F., Fny
Fe. _ Fr .+ Mrsg (3.65)
M., M, .
M., M.,
| M. | Sensor | Mrm.s J Sensor

Again, this assumes the sensor and world frames are aligned, and the tool is not
applying any force to the environment. In practice these conditions were satisfied
by moving the robot to the ready position, §7 = [0,-90,90,0,0,0] degrees, for

each calibration of the force sensor.

3.2.7 Determining Sensed Mass. The force sensor strain gages are mounted

on a force sensing element within the force sensor transducer. The weight of any
force sensing element inass on the tool side of the strain gages will appear as a force
in the force sensor measurements. Based on this, the sensed tool mass is defined
as

Mrs = Mrou + Mss (3.66)
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where My, is the tool mass and Mss is the sensed portion of the force trans-
ducer mass. This mass must be included as part of the tool mass for purposes of

eliminating the gravitational forces and moments from the force measurements.
Values for M,, were not provided by JR3, so a simple experiment was used
to determine them. Equating Eqns. 3.52 and 3.38 gives

Fo-F = Fp+F, (3.67)

Breaking F", into two components, one for the gravitational force on the tool (F-‘;,)
and the other for the gravitational force on the sensed portion of the transducer
(F;,) then

F, = Fy+ F, (3.68)

and substituting into Eqn. 3.67 gives

ﬁm—ﬁc = F’e:t+fgt+ﬁgs (369)
If the tool is not in contact with anything, F‘at = 0 and
F, = F.+ F,, + F, (3.70)

The experiment consisted of first aligning the force sensor with the earth’s
gravity vector. Then gravity acts entirely in the positive Z, direction, so Eqn. 3.70
can be written as

Fm z = Fc.z + MToolg + Mng (3'71)

0

Now F,, . can be read from the sensor, Mr,, can be measured using a scale, and
g is known. Two values are unknown so a second equation is required to find F,,
and M,,. The second equation can be obtained by pointing the sensor and tool
straight-up, causing gravity to act in the negative Z, direction. Now Eqn. 3.70
gives

Fm,z = Fc.z - A'IToolg - A'Iug (372)

Equations 3.71 and 3.72 can now be solved simultaneously to find F,, and M,,.
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3.3 Control of Joints 1, 4, 5, and 6.

As explained in Section 3.1.5, joints 1, 4, 5, and 6 are not needed in the
impedance control experiment. They are actively commanded to remain fixed at a
joint angle of zero. A proportional-derivative (PD) feedback loop is used to control
the position of these joints

T = Kye+ K,é | (3.73)

where K, and K, are the proportional and derivative error gains respeciively. The
error (e) is

e =g —¢ (3.714)
so

€= g —4 (3.75)
and since the commanded joint positions and velocities (g, and ¢,) are both zero

e = —q (3.76)

and
e = —¢ (3.77)
The control law (Eqn. 3.73) becomes

T = —Kpq— Kuq (3.78)

Values of K, and K, can be determined for each joint by using the single
joint model (i.e. no torque coupling between links) from [16, p. 212]. As shown in

(40, pp. 5-6 to 5-11]

I\’p = Jminw,z,

Ky = 2wndmin (3.79)
where
w, = the desired natural frequency of the response.
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Table 3.1. Jpin Values for the PUMA 560 Wrist [37, p. 1053]

4 0.18
5 0.15
6 0.18
¢ = the desired response damping ratio.
Jmin = the minimum effective inertia of the link and motor about the joint axis.

For the PUMA 560 values of J,,;, are given by Table 3.1.

It is possible to use the joints not under impedance control as an “electronic”
remote center of compliance (RCC, also referred to as an “active” remote center of
compliance). Typically RCCs have been mechanical, spring-linkage devices used to
provide a measure of passive compliance to the robot end-effector (58, p. 5]. RCCs
are used in some compliant motion tasks in lieu of more sophisticated force-feedback
controllers. The electronic RCC is different from these passive mechanical devices
because the compliance values can be changed by altering the values of K, (and also
K, to maintain the damping characteristics). A smaller value of K, will increase
the compliance of a particular joint, reducing the force applied by the manipulator.
Thus, small errors in alignment can be accommodated even though they are not

along a degree of freedom under the influence of the impedance controller.

3.4 Summary.

In this chapter the fundamental concepts of impedance control were discussed
and Hogan’s full impedance control was developed. The derivation of the simplified
version of this control law was presented, as well as the symbolic equations for the
component matrices. An original method for obtaining interface force from the
force sensor data was described in detail. These theoretical results form the basis

for the comypiiant motion control environment, and the preliminary use of the
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impedance control law. The implementation of these equations in software and

hardware is discussed in the next chapter.
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L IV. Implementation

A compliant motion control environment was created using both existing
equipment in the AFIT Robotics Laboratory, and new equipment procured for this
thesis. The environment uses a Digital Equipment Corporation (DEC) MicroVax
III and a DEC PDP 11/73 microprocessor to control a Westinghouse/Unimation
PUMA 560 robot manipulator. A JR3 Incorporated, Universal Force Sensor was

purchased to provide force and moment information. Also, the AFIT Model Shop
fabricated a mockup of an aircraft aerial refueling port and nozzle in order to

provide hardware for testing the compliant motion controller.

The compliant motion control environment employs a modular, hierarchial
control system. The environment was derived from the existing Robotics and
Automation Laboratory Hierarchial Control System developed at the Rensselaer
Polytechnic Institute, and implemented at AFIT by Dr. M. B. Leahy [39], [34].
A guiding principle in developing the compliant motion environment was to make

maximum use of existing software with the minimum necessary modifications.

The theory of Chapter Three was used to develop the impedance control
algorithm implemented in the compliant motion control environment. Although
the impedance control technique is in theory applicable to any arm configuration,
it has never before been applied to a vertically articulated, gear driven industrial
robot like the PUMA. As explained in Chapter Three, it was necessary to tailor
the impedance control law to the PUMA. Tailoring the control law simplified the
computations and accounted for the large gravity and friction forces present in the

dynamics of links 2 and 3 (versus the simplified manipulator of [20]).

The PUMA 560 and force sensor hardware are discussed in Sections 4.1 and
4.2. The refueling port and nozzle mockup are described in Section 4.3. The
organization and functions of the hierarchial control system elements are discussed %

in Section 4.4.
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4.1 PUMA 560.

The PUMA 560 is a six degree of freedom manipulator with three large links
primarily responsible for tool position, and a three degree of freedom, roll-bend-roll
wrist providing tool orientation. Because it has six degrees of freedom, the PUMA
can reach any position in the workspace and simultaneously achieve any desired
tool orientation (except near the workspace boundaries where the arm’s motion is
limited). For this study, only links 2 and 3 are controlled by the impedance control
law, so the PUMA is restricted to two degrees of compliant motion. Therefore the
manipulator can satisfy any two position constraints, as long as they are within

the plane of motion of links 2 and 3.

All six PUMA joints are revolute and the links are arranged serially. Pay-
loads, grippers, and tools are attached to a tool mounting flange on the sixth link.
The arm is vertically articulated so it must contend with large gravitational loads
imposed by the link masses, particularly on joints 2 and 3. In general, motors are
mounted remote from the joints so as to better balance the links against gravity.
Motor torques are transmitted to the joints using high gear ratio transmissions.
While the gearing reduces the output torque requirements for the motor, it does
add significant stiction, Coulomb, and viscous friction components to the manipu-

lator dynamics.

Optical encoders attached to the motors provide precise measurements of
joint position. Every time the digital control processor’s power is turned on these
must be calibrated with a special software routine which reads potentiometers at
each joint to initialize the optical encoder position. A set of mechanical brakes
automatically lock the positions of joints 1, 2, and 3 (the large links) when high
power to the arm is disconnected. The wrist joints (joints 4, 5, and 6) do not have
any mechanism, except internal friction, to prevent them from moving when arm

power is off.
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The PUMA is pictured in Fig. 4.1. The link coordinate frames and Denavit-

Hartenberg parameters are shown in Fig. 4.2.

4.2 Force Sensor.

A JR3 Incorporated. Universal Force Sensor system provides force and mo-
ment information referenced to a three axis cartesian coordinate system. The two
primary components of the system are a wrist mounted force transducer and a
separate support electronics package. The system requires a package of power sup-
plies and three cables; one cable provides power to the support electronics; a second
cable transfers power to the force transducer and returns analog data signals to
the support electronics; while a third cable transfers discrete data over a parallel
interface to the digital control processor. Optionally, two more cables can be used
to make serial connections to the digital contrnl processor and/or to a separate
video display terminal. Figure 4.3 provides a schematic view of the force sensor

system.

The force sensor transducer attaches to the tool mounting flange on the
PUMA’s sixth link. The transducer mass was measured as 0.3040 kg with dimen-
sions as shown in Fig. 4.4. The transducer mass must be included as part of the
payload when determining the PUMA’s dynamic behavior, although only a portion
of the transducer mass (M,,) must be included as part of the gravitational load

felt by the sensor (see Section 3.2.7). This transducer “sensed mass” was found to

be 0.0771 kg.

The tool (i.e. the mockup refueling nozzle) is bolted to the transducer. Loads
placed on the tool are measured as a combination of three forces and three moments
about the sensor coordinate frame. The sensor coordinate frame has an origin at
the geometric center of the transducer {24, p. 4-24]. The z-axis extends along the
transducer centerline in the tool direction, while the x and y axes are érranged in a

right-handed cartesian coordinate system as shown in Fig. 4.4. It is important to
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Figure 4.1. PUMA 500 Series Robot Arm with Digital Controller and Teach Pen-
dant {55, p. 1-0].
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Figure 4.5. Force Sensing Element [48].

note the sensor measures the ezternal load (including gravitational forces) placed

on the sensor, F..;, and not the interface force applied by the tool, Fie.

The force sensing element of the transducer is housed in the transducer body
and is shown in Fig. 4.5. The sensing element consists of two parallel plates
connected by four octagonal “bridges”. The plates are bolted separately to the
PUMA and the tool, so all loads must pass through the bridges. Foil strain gages
are mounted on the sides of the octagons, and resistance changes in the strain
gages are measured and interpreted as forces or moments using a calibration ma-
trix unique to each transducer (see Section 2.1). In addition to accounting for the
relationship between resistance change and force in each gage, the calibration ma-
trix decouples the combined forces and moments sensed by each gage into the three
forces and three moments output in the sensor coordinate frame. The relationship
between resistance change and applied force is calibrated for a known elastic re-

lationship between stress and strain in the octagonal bridge. Loading the bridges
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Table 4.1. JR3 Sensor Force and Moment Limits (24]

Direction | Limit
F, 111.2 N
F, |1112N
F, 2224 N
M. 8.473 N-m
M, 8.473 N-m
M, 8.473 N-m

beyond the yield point permanently alters this elastic relationship; requiring re-
calibration of the gages. Therefore the yield strength of the bridges determines
the mechanical strength of the sensor. For this particular JR3 sensor, the me-
chanical force limits are given in Table 4.1. These limits are used as described in

Section 3.2.3 to determine if the transducer is being overloaded.

The support electronics package is the heart of the force sensor system. Sig-
nals from the strain gages are amplified and then digitized with a 12 bit A/D
converter, while a set of user programmable digital filters suppress noise. The
digitized signals are processed and calibrated to reduce the individual strain gage
measurements to the six forces and moments in the sensor coordinate frame. Force
and moment data are output to the user through either the two RS-423 serial ports,
an analog port, a discrete data port, or a direct memory access (DMA) parallel

port.

The serial ports can be connected to a digital processor (with a DLV11-]J
board for the DEC Q-bus) or a stand-alone terminal. The serial ports will send
force and moment data, as well as sensor status and configuration information to
the user. Commands to change the system configuration, output, digital filters,
etc. can be received by the sensor system via the serial ports. Commands for
configuring and controlling the system are fully described in {24, pp. 4-1 to 4-25].

In this study a TeleVideo Model 910 video display terminal was connected to serial
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port A, and was used to verify correct operation of the sensor upon power up.!

The analog port provides direct analog output of the force and moment along
each coordinate axis. Unfortunately, because the data is calibrated after it is
digitized, the force and moment measurements are not decoupled. In a limited
experiment this data may be useful to record distinct events, such as impact with

an object, but the analog data is of little use here to the digital control algorithm.

The discrete data port has eight command input lines allowing the discrete
data port to be programmed by setting a series of single bit “toggles”. The discrete
data port output consists of eight individual lines. These lines are used to send
flags indicating the sensor status, as well as to mark the occurrence of discrete
events such as the sensed load exceeding a preset threshold. Discrete data port
information is useful in lower level forms of compliant motion control (where force
is controlled between certain threshold limits) but was not used in this study since

the impedance controller requires more precise force feedback.

Because it allows high speed data transfer, the DMA interface was used to
send force data to the digital controller as part of the control loop. Currently, the
JR3 software does not permit commands to be received by the sensor system using
the DMA interface. The parallel port can only send out force and moment data to
the user. Data sent over the parallel link consists of eleven 16 bit words?. Words
three through eight contain measured values of force and moment in signed integer
format (24, p. DMA-1]. The assembly language subroutine GFORCE exercises a
DRV11 parallel board to read all eleven words of data. GFORCE uses the standard
request handshaking protocol/sequence described in {24, p. DMA-1]3.

1Correct operation was verified by checking the force/moment offset values and the output of
the sensor. If the output seemed reasonable, given the estimated load and the offset values, the
sensor was assumed to be operating correctly.

3The JR3 Users Manual only indicates 10 words are sent as part of each DMA data package.
JR3 admits this is incotrect. Actually, the 10th data word (the “trailer word™) is sent twice.

3As opposed to the “Optional Protocol for use with DEC' DRV-11 Board™ also described in the
JR3 manual.
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About 10ms are required for the sensor system to complete a cycle of convert-

ing analog strain gage signals to force and transmitting the force values through
the DMA interface. If the digital controller’s DRV11 attempts to read information
from the sensor before the next sample period, the sensor will ignore the request
and GFORCE will generate a timeout error. The actual sample time of the force
sensor is a function of the extent of the internal sensor data processing. The sensor
system slows down as more complex digital filtering and coordinate transforma-
tions are programmed by the user. Future JR3 software releases will allow the user

to monitor the sensor processing rate [24, p. 4-23).

The force sensor system requires +5V at 2A to run the digital side of the
support electronics, +£12V at 75mA for serial communication, and £15V at 300mA
to run the strain gages. The +5V digital power and digital ground must be tapped
off the digital controller (PDP 11/73) to insure a common ground for the DMA
interface. The strain gage power is provided by a Hewlett-Packard 6502B Dual
DC Variable Voltage Power Supply. The serial communication power is provided
by separate £12V/+5V, single ground, power supply. The analog power supply
(£15V and £12V) grounds are jumpered together to provide a common analog
ground, while the separate sides of the HP-6502B are stacked together to provide
both +15 and -15 volts with a single ground. The power supply network is detailed
in Fig. 4.6.

4.3 Refueling Port and Nozzle Mockup.

Mockups of an aircraft aerial refueling port and the corresponding aerial re-
fueling nozzle were designed and fabricated. They provide a representative surface
and tool for testing the compliant motion control techniques. The tool and sur-
face hardware form a physical environment supporting both generalized testing of
compliant motion algorithms, as well as a scale demonstration of robotic a'.ircraft

refueling.
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The refueling port mockup is a half scale “approximate” model of the Univer-
sal Aerial Refueling Receptacle Slipway Installation (UARRSI), commonly found
on recent USAF aircraft (see Appendix B). The mockup accurately reflects the
UARRSI slipway and receiver port dimensions, but it does not have a tapered cylin-
drical path immediately in front of the receiver port (see Fig. 4.7 and 4.8). Lack
of a funnel-like path simplified construction of the mockup, while the squared-off
shape actually provides a more challenging test for the compliant motion controller.

The UARRSI mockup is mounted in a flat aluminum platform supported by four
legs. The aluminum surface of the platform and slipway have been sand-blasted

to achieve a low friction surface, just like the actual UARRSI.

The platform has sufficient open area surrounding the slipway to allow general
tests of compliant motion controllers on a flat surface. The ability of the controller
to negotiate corners and surfaces of varying slope can be tested by moving the tool
over the edges of the slipway sides or ramp. Insertion of the tool in the receiver port
provides a challenging test of the controller’s ability to perform compliant motion
tasks requiring precise tool orientation to avoid jamming. The 0.25 inch thick
aluminum sheet used to construct the platform presents a very stiff surface to the
compliant motion controller. A softer, less demanding environment can be created
by replacing the platform holding the refueling port with a two inch thick sheet of
high density foam. A two inch thick hardwood laminate platform with rectangular
cut-outs also exists. This can be used for testing the controller’s ability to perform

peg-in-the-hole insertions on a flat, relatively simple, high stiffness surface.

The mockup aerial refueling nozzle simulates the nozzle on the end of a tanker
aircraft refueling boom (see Appendix B). The only portion of the mockup nozzle
needing to accurately model the actual nozzle is the cylindrical portion which
inserts into the receiver port (see Fig. 4.9). The mockup nozzle cylinder is half the
size of the actual nozzle, although the diameter has been slightly altered to provide

a less demanding initial demonstration of robotic refueling. The altered diameter
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Table 4.2. Tool and Payload Parameters

Parameter | Value
Mapayicad 0.6034 kg
Mzs 0.37651 kg
Lroog 0.34925 m
Lrs 0.33338 m
ch.pcyload 0.09702 m
Lgs 0.20138

of the mockup nozzle provides a nozzle to receiver port clearance radius of 0.05
inch. If scaled up to full size this would be twice as large as the actual clearance.
A more realistic clearance can be obtained by fabricating a new cylinder segment

for the tool, or by using tape to increase the outer radius of the nozzle cylinder.

The rest of the nozzle mockup, or tool, consists of a multi-segmented shaft
connecting the cylinder to a mounting plate. The mounting plate can be attached
to the force sensor or to joint 6 of the PUMA arm. The shaft is threaded and
screws into the mounting plate. The overall tool length can be changed by adding
or deleting any of the three inch long, threaded shaft segments. Use of a shorter
tool decreases the moment applied to the sensor by contact forces at the tool tip,
preventing the force transducer from being overloaded. However, the full nine
inch shaft is needed to provide sufficient clearance between the PUMA wrist and

refueling platform when the nozzle is fully inserted in the receiver port.

The PUMA’s entire payload consists of the nozzle mockup bolted to the force
sensor transducer. The center of gravity locations and tool length are shown in
Fig. 4.10. The tool and payload parameters discussed in Chapter Three and used

in the control law are summarized in Table 4.2.

4.4 Hierarchial Control System

The compliant motion control environment uses a hierarchial controller ar-

chitecture consisting of organizer, coordinator, and hardware levels (see Fig. 4.11).
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U 0.2286 m
Payload C.G. | @9~ 0.25223 m
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0.34925 m ;
Figure 4.10. Centers of Gravity and Tool Lengths. All distances measured from
end of nozzle (not to scale).
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The organizer provides the user interface and top-level task control. The coordina-
tor executes organizer level instructions to create commands for the hardware level.
At the hardware level the control commands from the coordinator are executed by
the PUMA, and information about the state of the robot and task are gathered

for feedback to the coordinator.

Sections 4.4.1 and 4.4.2 describe the organizer and coordinator levels in de-
tail. Hardware level software to implement commands on the PUMA is considered
proprietary by Unimation and is not discussed. Hardware level functions of the
force sensor have been described in Section 4.2 and are documented in detail in

[24].

{.4.1 Organizer Level Organizer level functions are

e User interface

Select trajectories

Provide positive control of arm movement

Signal completion of tasks

Display error messages
e Communicate with coordinator level

— Establish communication link

— Load coordinator programs

Load trajectories

— Receive and store post-test data

o Execute top-level control algorithm

e Calculate constants for coordinator level routines

— Constants used for calculating j
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— Constants used for calculating torque commands

Either a MicroVax II or a MicroVax III can be switch selected to serve as
the organizer level host computer. Both MicroVaxes provide graphics workstation
intcrfaces to the user. Since the MicroVaxes also host Fortran and PDP assem-
bly language compilers, as well as MATRIXX, they form a complete environment
for developing, running, and evaluating the performance of compliant motion con-

trollers.

At the organizer level, the main module of the compliant motion environ-
ment is the Fortran routine FORCER3AGE. The overall organizer control and
communication structure is very similar to the existing “Robotics and Automation
Laboratory (RAL) Hierarchial Control System/RAL Real-time Robotic Algorithm
Exerciser” (abbreviated RHCS/R3AGE) control environment described in [34],
[33]. Existing Fortran subroutines, making extensive use of VMS Q$I0O calls, allow
the organizer to communicate with the coordinator. Communication occurs over a
serial link which can be switched between the MicroVax II and the MicroVax III,
depending on the choice of computers for the organizer. An existing Fortran sub-
routine calibrates the PUMA arm at the beginning of each test series. Derivatives
of existing subroutines select test trajectories and receive post-test data from the

coordinator. Table 4.3 summarizes subroutines used by the organizer.

Extensive use of existing software and the derivation of FORCER3AGE from
the existing RHCS/R3AGE system was desired. A derivative of the RHCS/R3AGE
system is the primary system used to control the PUMA at AFIT, mostly for
studies of dynamics-based position control. Deriving the compliant motion control
environment from the RHCS/R3AGE system presents the user with a common
interface using familiar test options and menu choices. Using existing subroutines
as much as possible created a modular program structure having a high degree of
commonality with the RHCS/R3AGE environment. For a user experienced with

the current AFIT PUMA control system, this preserves their familiarity with the
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Table 4.3. Organizer Subroutines {39, p. 45]

FUNCTION/NAME TYPE COMMENTS

Communications
DLOAD
PDPINO
PDPCOM
FORREOUT
ADOUT
OFRVAX

Calibration
PUMACAL

Trajectory Selection
SLCTTRJ
SLCTIC

Calculate Constants
CALIBCON
ADDCON

E = Existing Software, D = Derivative Software, N = New Software

ONcRwloNolo!

N
N

Download programs to coordinator

Interlevel data transfer

Interlevel communication

Receive post-test data from coordinator

Receive additional post-test data from coordinator
Handle PUMA arm out of range errors

Calibrate PUMA arm

Select compliant motion trajectory
Select initial test position

Calculate constants used in finding Fine
Calculate constants for control algorithm
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software, and should improve their understanding of the compliant motion control

environment.

{.4.2 Coordinator Level. The coordinator is the nerve center of the hierar-
chial control system. The coordinator functions as the digital controller portion of
the control system [22, pp. 4-17]. All instructions to control the robot must pass to
this level, and be executed to create commanded currents for the PUMA motors,
which are then passed to the robot. Information about the task progress, such
as joint positions and force measurements, must be gathered from the hardware
level and used in the control algorithin. All this must happen in real-time, at a
sufficiently high sample rate to guarantee good performance. Because of the heavy
computational burden placed on the coordinator, two separate digital processors
are used. Labelled the Servo and Parallel processors, they allow asynchronous
execution of different portions of the control loop. The Servo processor acts as
the communication and task control node at the coordinator level. The Parallel
processor acts to lighten the Servo processor’s load by performing a portion of the

control algorithm computations.

{.4.2.1 Servo Processor. The Servo processor is a PDP 11/73 micro-

processor with a memory management unit (MMU), and random access memory
(RAM) available on the Q-bus. The Servo processor communicates with the PUMA
arm’s digital interface over the Q-bus. The Servo processor also communicates
with the force sensor system using a DRV11 card linked to the force sensor’s direct
memory access port. Communication with the organizer level is performed using
a DLV11-J serial card. If the MicroVax III acts as the Parallel processor, then

communication is by means of a DRV11-J card.

Coordinator functions are

o Communicate with the organizer




— Receive programs

— Receive trajectories

— Send post-test data

b — Receive commands to begin task execution

— Send task completion messages

¢ Communicate with the Parallel processor

— Send joint angles and end of trajectory flag

— Receive impedance coefficients
e Communicate with the PUMA

~ Send out current commands
-~ Read joint angular position
— Check for communication errors

~ Stop arm motion
e Obtain interface force

~ Read force data from force sensor
— Check for communication errors
— Convert force data to interface force

— Check for excess force

o Evaluate the control law to determine motor current commands

— Interpolate the trajectory
— Calculate the PD control law torques for joints 1, 4, 5, and 6

— Calculate impedance control law torques for joints 2 and 3
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~ Convert torque commands to cnrrent

e Supervise algorithm timing

— Obtain interrupt timing signal from the PUMA
~— Control sample rates for

* Parallel processor
* Force sensor

* Updating motor current commands

o Receive and execute programs to calibrate the PUMA and force sensor

Software for execution on the Servo processor is written in PDP assembly
language and compiled with a RSX11 compiler. Where possible, existing coordi-
nator level software is used. In some cases existing routines are used with minor
modifications. The assembly language program IMPSER2 is the main routine for
implementing the impedance control algorithm on the Servo processor. Table 4.4

lists subroutines used by the Servo processor.

Using assembly language maximizes the software execution speed. Equations
were symbolically reduced to further improve the processing speed. For the equa-
tions used in calculating F’;,‘g and the impedance control torques (Eqns. 3.60 and
3.21), this requires the matrix equations to be broken into the individual algebraic
equations with elimination of all the “zero multiplies.” Where possible, the terms
of the equations are arranged to bring all the coefficients of a particular variable
together as a single constant, which is then calculated at the organizer level and

sent to the coordinator prior to the test -run.

Existing RHCS/R3AGE software was used to communicate with the orga-

nizer level MicroVax and the parallel processor. Only the subroutine for sending

post-test data to the organizer required modification. Similarly, existing software

is used, without modification, to communicate with the PUMA. However, it was

4-25




Table 4.4. Coordinator Subroutines

FUNCTION/NAME TYPE!* COMMENTS

0 ications

INITDR E Initialize DRV11-J

RDVAX E Read data from organizer

SDVAX E Send data to organizer

PDPVAX E Send data to organizer, wait for reply

FHDVAX D Send Fin; and ¢ post-test data to organizer

SDRV11 E Send data to Parallel processor

GDRV11 E Read data from Parallel processor

GFORCE N Read force sensor data

COHEAD E Prepare Servo processor to receive and execute new
programming from the organizer

RREPOS E Read joint position from PUMA (radians)

REPOS E Read joint position from PUMA (degrees)

WCMODE E Send current values to PUMA

Arm Control

TESTST E Move arm to initial test position using VAL mode

ASTOP E Stop PUMA motion

HPBOFF E Turn arm power off

Force Calculation

CFORCE N Convert data counts to floating point and calibrate

MAXFOR N Check for excess force

CFINT N Calculate F’,-,u from measured force

Calculate Control Law

KIN62 N Calculate forward kinematics (°Rg for 6 degrees of
freedom, P, and P, for two degrees of freedom)

GEJTRJ E Get position and velocity trajectory points

FRICTC E Compensate motor current values for friction

Timing

ETIMER E Turn PUMA interrupt clock on

DTIMER E Turn PUMA interrupt clock off

Test Preparation
PFMAGE D Calibrate force sensor, move arm to initial _q
position, prepare data buffers for test )

E = Existing Software, D = Derivative Software, N = New Software
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necessary to develop a new subroutine for reading force sensor data over the DMA

interface.

The subroutines for calculating interface force (f’,-,.,) based on the force sensor
data are all new. Although the impedance controller has only been established for
two degrees of freedom, the force sensor routines are set up to calculate all six
elements of Fi for the general case of six degree of freedom motion. Then only
Fin» and Fin, . are used in the impedance control algorithm. Calculating F‘,-,,, for
the most general case causes little loss in computation speed since the coordinate
transformations involved require the use of the full force vector. Therefore, it is
almost as quick to get all six elements as it would be to get just the two elements.
Setting up the Finy calculations for the most general case also allows the use of this

software in a future n degree of freedom compliant motion controlier.

The impedance control algorithm is structured to allow the Parallel processor
to calculate all the joint angle dependant quantities used in the control law. The
positions of joints 2 and 3 are passed to the Parallel processor while values for the
matrix impedance coefficients IJ'M~!, IJ-'M~'BJ, (JT — IJ-'M~-!), and the
vector § (q) are returned (two floating point values sent and fourteen received). For
reasonably short sample times and low velocities, the joint positions are assumed
to display little change from one sample period to the next. Therefore the values
of the impedance coefficients should change very little from one sample period to
the next (as long as J is not approaching a singular value), and they need not be
updated on every pass through the control algorithm. This permits the Parallel
and Servo processors to be run asynchronously. Asynchronous sampling allows a
fast, inner control loop to be established on the Servo processor while a slower,

outer control loop is used to update coefficient values.

The PUMA’s interrupt signal generator is the only source of timing infor-
mation in the hierarchial control system. Time signals are sent out by the PUMA

interface every 7ms, so all Servo control loop sample times must be multiples of

4-27




7ms (i.e. Tms, 14ms, 21ms, 28ms,...). The Servo control algorithm permits the
Parallel processor to be accessed only at sample times which are even multiples of
the Servo control loop sample time (i.e. if the Servo control loop sample time is
14ms, the Parallel processor may run at sample times of 14ms, 28ms, 42ms,...).
Unfortunately, the force sensor requires 10ms to complete its internal computa-
tions, so the minimum sampling time for either the Servo or Parallel processors

was 14ms.

The Servo processor requires the desired cartesian position trajectory in order
to determine the position error term, 7 — E((j'), of the impedance control law.
Position trajectories are stored in the Servo processor as n x 6 arrays, where n is
the number of points in the trajectory. To enable expansion to a full six degree
of freedom control law, the arrays are six columns wide to store a full six degree
of freedom trajectory. Memory space limits the number of trajectory points to
n =~ 1000. With a 14ms sample time, trajectories are limited to a 14 second
duration if every point in the trajectory is used in immediate succession. Short
duration trajectories are not useful for a slow moving robot because long path
length assembly tasks may take longer than 14 seconds to complete. Treating the
trajectory points as set points and interpolating additional points between them
allows longer duration trajectories. Therefore a simple, linear interpolation routine
is included in the control loop to give the robot the capability for extended duration
trajectories. The user can select the number of points to be interpolated between

set points.

The interpolation scheme adds another loop to the control algorithm since the
controller must periodically go to the RAM and acquire the next position set point.
As part of this loop, the algorithm saves F_.'.-,,,, ¢, and the x and z cartesian positions
(P, and P,). These three sets of values are sequentially appended to values saved on
previous passes to create force, joint position, and cartesian position history buffers

covering the entire test duration. The history buffers can be sent to the organizer
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as the post-test data package. Saving data values only as part of the interpolation

loop limits the amount of data stored in RAM to an acceptably small level.

IMPSERZ2, the assembly code for the Servo processor’s portion of the control
algorithm, allows for the expansion of the impedance control law to more than
two degrees of freedom. As previously noted, F... and the cartesian trajectory
information are already set up to handle the general case ot six degrees of freedom.
To expand IMPSER2 to six degrees of freedom would principally require changes
in loop counter values and some pointer statements used in calculating current
commands. Larger blocks of memory would also have to be reserved for the larger
vectors and arrays present in a six degree of freedom system. The increased number
of calculations required for a six degree of freedom impedance control law would
be partially offset by eliminating the calculations required for the PD controller on

joints 1, 4, 5 and 6.

The impedance control law could also be very easily expanded to allow a com-
manded cartesian velocity to be included in the control law (the 7, term of Eqn
3.20). The organizer passes a n X 6 dummy velocity trajectory to the Servo pro-
cessor. The Servo processor stores the information in RAM but does not use it in
this preliminary, simplified version of the impedance control law. If the impedance
controller includes the commanded velocity, the commanded velocity must still be
small so as to prevent any significant Coriolis or centrifugal effects. Large com-
manded velocities would require the €(§,¢) and G(g,) functions to be included
in the control algorithm, and this would significantly increase the number of com-

putations required.

{.4.2.2 Parallel Processor To reduce the computational burden on

the Servo pracessor and speed up coordinator level program execution, a major
portion of the impedance control law calculations are performed on separate com-

puter — dubbed the Parallel processor. Both a PDP 11/73 and a MicroVax III
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have been tested in the Parallcl processor role. The MicroVax is preferred since it
permits programs to be written in higher level languages such as Fortran, instead
of assembly language. The MicroVax also provides its own user interface and disk
storage so it is not necessary to establish a communication link with the organizer.
The MicroVax III has sufficient computational speed (three million instructions per
second) to perform the impedance coefficient calculations within the 14ms sample
time. The VAXlab software utility package enables high-speed communication
with the Servo processor, allowing the joint angles and impedance coefficients to

be passed without significantly slowing the control algorithm execution speed {12},

[13].

If the serial communication switch is set to also make the MicroVax III the
organizer (see Fig. 4.4), and the user is working at a DEC Graphics Workstation
Terminal, then the need for two separate user interfaces is not a problem. The
user can open one window on the terminal to run organizer processes while another
window is used to simultaneously run the Parallel processor. Since the organizer
is quiescent during the time critical portion of the Parallel processor calculations,

there is minimal interference between the two processes.
The Parallel processor’s functions are
¢ Communicate with the Servo processor

— Initialize communication link
— Receive joint angles and end of trajectory flag

— Send impedance coeflicient values
e Compute constants used for impedance coeflicient calculations

— Read data files from disk

— Compute constants
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e Compute impedance coefficients

The Parallel processor communicates with the Servo processor using VAXlab
communication functions to run the DRV11-J card. These functions are very efhi-

cient and eliminate the need for any new communications subroutines.

The impedance control law requires the 2 x 2 matrix products IJ-!M~! and
IJ"'M~'BJ, as well as the 2 x 2 matrix sum (J7 + IJ-!M~') and the 2 x 1
vector §(d‘) These quantities are termed the impedance coefficients. They can
be calculated if the positions of joints 2 and 3 are known. The Parallel processor
aids the Servo processor by performing this portion of the control algorithm cal-
culations. The impedance coefficient calculations are ideal tasks for the Parallel
processor since they represent a major portion of the total calculations required,
and they require only a single 2 x 1 vector, ¢, to be passed from the Servo to

Parallel processor.

The elements for the Jacobian and inverse Jacobian (J and J~!) are cal-
culated from Eqns 3.30 and 3.31 respectively. The inertia tensor (I) values are
determined using Eqns 3.32, 3.33 and 3.34, and the payload parameters from Ta-
ble 4.2. Values for the diagcnal desired mass (M) and damping (B) matrices are
read from a disk data file. The gravitational torques (5((}')) are calculated using
Eqn 3.35.

The equations for all these components are symbolically simplified by rear-
ranging terms to group multiple individual constants together into fewer, compre-
hensive constants. These comprehensive constants are evaluated once prior to the
start of the test. The impedance coefficients are calculated during the test by eval-
uating each individual component matrix (I, J, J7', etc.) and then multiplying
or adding the matrices together to produce the coefficients. Since the component
matrices are fully populated, this approach minimizes the number of calculations

required.
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Table 4.5. Parallel Processor Subroutines
NAME TYPE® COMMENTS

IMPCONST N Read parameter values from data file and calculate constants

CIMPG2VAX N Calculate impedance coefficients
E = Existing Software, D = Derivative Software, N = New Software

The Fortran program PCIMPVAX is the routine containing the top-level
Parallel processor algorithm. The evaluation of the component matrices and their
combination into the impedance coefficients occurs in a single subroutine. This
subroutine forms the core of the Parallel processor algorithm. PCIMPVAX can
be expanded to allow for six degrees of freedomn by changing the number of values
passed to and from the Servo processor, and by replacing the impedance coefficient
calculation subroutine with one designed for six degrees of freedom. The six degree
of freedom impedance coefficient calculations would also require the elements of
I,J,J ', M, B, and 5(6‘) to be symbolically determined for the six degree of
freedom case. This is not an overwhelming task if MACSYMA is properly used to

help with the symbolic manipulation.

Subroutines used by the Parallel processor are listed in Table 4.5.

4.5 Summary.

This chapter has discussed the creation of a compliant motion control en-

vironment implementing a prototype version of an impedance control law. The

robot, force sensing, and test environment hardware have been described. The
computer hardware and software forming the hierarchial control system are also
described. Detailed listings of the computer software developed for the compliant
motion environment are contained in AFIT Robotics Systems Laboratory Report _,!

No. 3 [14)].
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b The use of this compliant motion environment to investigate the implemen-

tation of the impedance controller is discussed in the next chapter.
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V. Ewvaluation

The compliant motion control environment described in Chapter Four was
used to implement and evaluate a preliminary version of an impedance controller.
The impedance controller implemented here is only a prototype version used for
testing the compliant motion environment, and initial investigations of compliant
motion control on the PUMA arm. The initial trajectory tracking tests described in
Section 5.3, indicated the impedance controller’s capability to control the PUMA in
free-space. The compliant motion tests explained in Section 5.4, demonstrated the
controller’s ability to use active compliance to reduce the interface force when the
tool was in contact with the environment. The initial trajectory tests also identified

several areas requiring improvements to achieve better controller performance.

Before the trajectory tracking and compliant motion tests could be con-
ducted, it was necessary to evaluate the performance of the force sensor and the
software for calculating interface force. Force sensor performance is quantified in
Section 5.1. The digital controller’s sample time was known to have important ef-
fects on controller performance. Therefore, times to execute major components of

the control algorithim were measured, and the results are discussed in Section 5.2.

5.1 Force Sensing Performance.

One of the major activities in this thesis effort was incorporating the force
sensor into the PUMA’s control environment. This effort consisted of developing
a model describing the behavior of the JR3 force sensor, integrating the force
sensor with the PUMA arm and control system, and creating software to calculate
the interface force applied by the arin based on force and moment data from the
sensor. Once these tasks were accomplished, it was necessary to test the sensor and
software for calculating interface force (Fine) in order to determine the accuracy of

the sensing system.
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Table 5.1. Sensor Scale Values and Corresponding Resolution

Sensor Azis | F,cqle Resolution
F, 1112 N 0.0271 N
F, 1112 N 0.0271 N
F, 2224 N 0.0543 N
M, 8.474 N-m | 0.0021 N-m
M, 8.474 N-m | 0.0021 N-m
M, 8.474 N-m | 0.0021 N-m

5.1.1 [Force Sensor Resolution. The resolution of the force sensor, in the
sensor frame, is a function of the number of bits used in the A/D converter. The
JR3 force sensor uses a 12 bit A/D converter and sends these 12 bits to the PDP

11/73 processor. The resolution is therefore

1
Resolution = F,cate (5.1)

512

In this study F,... was set equal to the rated load capacity of each axis of the JR3
sensor. Given these scaling values, the resolution of the sensor is shown in Table

5.1.

5.1.2 Force Sensing Accuracy. The force sensor and associated software for

determining F‘,-,,, in world coordinates were tested by positioning the PUMA arm

so the tool was not in contact with any object. Since the only force acting on the

. tool was gravity, and the gravity force and moment were compensated for in the

calculation of F'.-,.t, the resulting values for F‘,-,., should be zero. The variation of
the actual output values from zero served as a measure of the accuracy of the force

sensor’'s measurements.

Results of these force sensor tests are shown in Table 5.2 for four different
arm positions (Cases 1 through 4), and two different sets of calibration values (Run
1 and Run 2). The force sensor had the least amount of error for Case 1, because
the arm was returned to the position used to calibrate the force sensor (the ready

position). Cases 2 and 4 both showed comparable error values, none of which were
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+ Table 5.2. F;,; Error Data from the Force Sensor Accuracy Tests
Joint Error (N and N-m)
Case | Position (degrees | Run | F, F, F, M, M, M,
1 0,-90,90,0,0,0 1 [0.054 -0.054 0 -0.018 -0.018 -0.01
2 |0 0 0 0 0 0
+ 2 0,-90,0,0,0,0 1 {-0.326 0.326 0.760 -0.029 -1.200 0.113
2 {-0.222 0.979 0.271 -0.022 -1.030 0.359
3 |40,-120,-15,-25,63,75| 1 |-0.170 3.817 -4.760 0.767 1.150 1.545
2 -0.688 3.505 -5.752 0.814 1.539 1.364
b 4 40,-120,-15,0,63,0 1 {0.215 0.174 0.689 -0.720 -0.865 0.097
2 1(0.620 0.120 0.122 -0.579 -0.753 0.180

unreasonably high. Case 3 had the worst errors because it involved rotations of

joint 4 and 6 away from the calibration position (zero degrees). These rotations
caused problems due to poor calibration of the PUMA'’s position encoders for joints
4 and 6. Since it had the worst errors, and because it involved the most general
rotation of the arm, Case 3 was used to indicate the accuracy limits in calculating

F.. For purposes of setting deadband limits in the control algorithm, F;, was

assumed to be accurate to within 4+ 6.0 N of axial force and £ 2.0 N-m of moment.

5.1.3 Force Sensing Error Sources. The principal source of error in deter-

mining F., was the calibration accuracy of the PUMA'’s joint encoders. Errors
in encoder calibration prevented the arm from properly orienting itself within the
world coordinate frame. As a result, the force sensor and world frames were not
accurately aligned when the force sensor was calibrated, so the force sensor cal-
ibration values were in error. Later, when the arm positioned the tool at some

arbitrary orientation in the workspace, there were errors in the °Rg coordinate

transformation matrix. These errors in °Rg prevented an accurate transformation
from tool to world coordinates of the measured force values, and as a result the

compensation for gravitational force on the tool was incorrect. ﬂ
———

Other minor error sources are the accuracy in determining the sensed mass of
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the force sensor (Mss), sensor noise and numerical accuracy, and the computational

accuracy withiil the PDP 11/73. Of these, errors in determining Mss are the most
readily fixed. Instead of finding Mss by the experiment described in Section 3.2.7,
the force sensor transducer could be disassembled and Mss determined directly
using a scale. This technique was not used in this study because of the risk of

damage to the force sensor.

5.2 Timing.

The compliant motion control environment is a digital control system using
multi-rate sampling {22, p. 89]. Multi-rate sampling allows the control algorithm
to be divided into high-speed inner control loops and low speed outer control loops.
Different microprocessors can be used for each loop to distribute the computational
load among multiple computers, thus decreasing the overall calculation time. Sam-
ple time (i.e. the time interval between updates information to/from the robot)
and calculation time are directly related. For sampled-data digital control systems

a short sample time is desired to improve system performance (see Section 5.2.2).

Initial tests with the impedance control law used a sample time (7},) of 14
ms (0.014 s). For the Servo processor a 14 ms sample time was necessary to
accommodate the force sensor (see Sections 4.2 and 4.4.2.1). The Parallel processor
calculations were easily completed in under 14 ms, so this portion of the control
algorithm was also sampled with T, = 14 ms. Performance of the robot with
the 14 ms sample time was not entirely satisfactory, and a shorter sample time
was considered as one method of improving performance. With the force sensor
running at 14 ms, an attempt was made to run the remainder of the Servo processor
and Parallel processor routines with a 7 ms sample time. Unfortunately this was
not successful, apparently because the Servo processor algorithm could not be

completed in less than 7 ms.

The inability to run the controller with a 7 ms sample time prompted an
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) Table 5.3. Control Algorithm Execution Times

[ Function Ezecution Time (ms)
Basic Control Law 7.50
Interpolation 0.70
k Force Calculations 1.40
Overhead 0.25
Total 9.85

experiment to estimate the actual times required to complete each portion of the

control algorithm. The experiment and results are discussed in Section 5.2.1. The
importance of sampling time and its effect on the compliant motion controller

design are discussed in Section 5.2.2.

5.2.1 Timing Tests. The time required to run the Servo processor impedance
control routines was determined by using the MicroVax III in the Parallel processor
role and obtaining timing information from the MicroVax system clock. The aver-
age time per control loop cycle was found by measuring the time to run the whole
trajectory and then dividing by the number of cycles required for the trajectory.
Selectively eliminating portions of the algorithm allowed the time to complete the
missing portions to be computed from the change in cycle time. The tests were
repeated three to four times to produce the average times shown in Table 5.3. The

variance of the test data suggests the results are accurate to +5 percent.

The time to compute the basic control law included the time to:

Send torque commands and receive joint angle data from the PUMA.

Send the two joint positions and receive the 14 impedance coefficients from

the Parallel processor.

Compute the PD control law for joints 1, 4, 5, and 6.

Calculate the next desired position using slope values determined by the #

interpolation scheme.
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e Compute the forward kinematics (including the °Rg matrix required for the

force sensor calculations).

e Determine the impedance control torques using the impedance control law

(Eqn. 3.21) and the impedance coefficients from the Parallel processor.

A time of 7.5 ms to compute the basic control law is reasonable considering the ex-
tent of the operations required. A similar algorithm has been used in the ARCADE
environment to implement a six degree of freedom PD controller with a calculation
time of less than 7 ms [53]. Although the impedance control law only uses two
degrees of freedom, it required more computations on the Servo processor than the
PD control law because of the force feedback terms. The impedance controller also
performed additional computations to interpolate the desired position, determine
the forward kinematics, and implement the PD control law on joints 1, 4, 5, and
6!. With all these additional computations, the basic control law can reasonably

be expected to take slightly longer than the simpler PD controller.

The 0.70 ms required for interpolation included the time to read the next
trajectory set point from memory, and the time to calculate the slope of the line
between the current position and the next set point. The 1.4 ms needed to perform

the force calculations included:

e The conversion of force sensor output data (A/D counts) to calibrated forces

and moments in the sensor frame (CFORCE subroutine).

o Checking these forces to insure they do not exceed the sensor’s mechanical

limits (MAXFOR subroutine).

¢ Transforming the forces from the sensor to the world frame, where they were

compensated for the tool weight (CFINT subroutine).

!The forward kinematics required 50 Roating point multiplies, 20 floating point adds, and 55
floating point memory calls. This includes calculation of the "R; transformmation matrix. If only
the P, and P, position elements wete required the number of calculations would be significantly
less.
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The 1.4 ms did not include the time to compute the °Rg transformation matrix

because the forward kinematics were part of the basic control law.

The 0.25 ms of overhead time consisted of 0.10 ms to save test data, and 0.15
ms to perform diagnostics. The 0.10 ms required to save data accounted for the
time to update the position and force data buffers used to save the test results.
The save data operation involved writing 12 floating point values to memory .and
updating the buffer pointers. The 0.15 ms of d.iagnostics primarily consisted of
writing integer values to predetermined locations in memory. These were useful

for debugging the program but are not necessary for an operational controller.

5.2.2 Sample Time Effects. The effect of the sample and hold process used

in the digital control system is the same as adding a transport lag or dead time
to a continuous control system. Using Nyquist’s stability theorem, D’Azzo and
Houpis have shown increasing the dead time decreases the system stability (i.e.
decreases damping) and can cause instability if the dead time is sufficiently large

(7, pp. 205-296].

Another way to view the effect of sample time on system performance is to
examine the nature of the techniques used to establish the desired dynamics in
Section 3.1.2. These techniques replace the poles and zeroes of the uncontrolled
robot dynamics with those of the desired dynamics. The desired dynamics are
chosen using continuous time techniques (analog) in the s-plane, although the
system actually uses a sampled-data digital controller and can only be exactly
modeled in the discrete domain (z-plane). The use of continuous time techniques

to analyze a discrete system is valid for small sample times?. If the sample time is

?Houpis and Lamont have called this the Pseudo-Continuous Time technique. It requires a Padé
approximation of the sample and hold process, and the use of bilinear transformations between the
s-plane and s-plane (22, pp. 248-256].
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small enough for the real coordinate of the s-plane poles (7) to satisfy

-0.1
>
o > T,

(5.2)
then there will be a high correlation between the continuous and discrete time
responses. If the s-plane poles are to the left of the & bound, the s-plane model
cannot accurately predict the response of the digitally controlled system. The
desired damping ratio and natural frequency of the s-plane model will not be the

same as the actual sampled-data system’s response because of pole warping®.

For an impedance controller, with T, = 0.014 seconds, the limit for an accu-
rate correlation of the continuous time model and discrete time response requires
o > —T7.14. Values of K, M, and B yielding poles to the left of this limit (in the
s-plane) will not be as well damped as intended. The & > —7.14 limit restricts the
natural frequency of the desired dynamics to undesirably low values. A smaller
sample time would allow larger |o|, and therefore higher natural frequencies for a
given damping ratio. Using higher natural frequencies would allow the manipula-
tor to respond to higher frequency inputs, and reduce the steady-state response
error. With larger damping coefficients (o) the duration of the system’s transient

response could be shortened, since settling time (¢,) is
t, = — (5.3)

The end result of decreased sample time would be an improved response of the

desired dynamics.

The natural frequency of the desired dynamics is also limited by the need
to avoid exciting uncontrolled, high frequency, body bending vibrational modes of
the PUMA link structure. However, if these vibration modes could be controlled

by the impedance controller, than they could be prevented from resonating and

3Pole warping due to the bilinear Tustin transformation is described in detail in Chapter 7 of
(22].




destabilizing the PUMA arm. To control these modes Fu, Gonzalez and Lee suggest
Nyquist’s (or Shannon’s) sampling theorem be modified to give [16, p. 222]
1 ™

L. = %7 = 10w, (54)

where f, and w, are the frequencies in Hertz and radians per second, respectively,
of the highest frequency vibrational modes excited by the controller. With the
sample time of T, = 0.014 seconds used in the tests of the impedance controller,

the largest frequency which could possibly be controlled was 3.6 Hz.

Lastly, shorter sample times have an ancillary benefit. Because the control
algorithm uses position information from the previous increment to calculate the
I(q) and J(q) matrices of the impedance coefficients, these coefficients are always
one interval behind the current arm position. As the sample time decreases, the
change in I(q) and J(§) from one interval to the next becomes smaller. So with
smaller sample times, less inaccuracy is introduced by using the I(q) and J(q)

matrices based on the previous interval.

5.3 Trajectory Tracking.

Because the impedance control law includes a model of the manipulator dy-
namics, as well as position and velocity error feedback loops, it should perform
well for freespace trajectory tracking. The ability of the manipulator to track

three different unconstrained trajectories was evaluated. The trajectories were:

Stationary — the tool was commanded to remain stationary at X=-0.32565 me-
ters, Y=-0.14909 meters, and Z=0.11439 meters. This corresponded to the
joint position ¢ = [0,-135,135,0,0,0]7 degrees.

Linear — the tool was commanded to descend in a line parallel to the world

frame 7 axis at constant velocity. The resulting cartesian positions were
X=-0.93390 meters, Y=0.14909 meters, and Z=0.01853 to -0.33086 meters.

The position at the start of the trajectory corresponded to a joint position of
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¢ =[0,-115,0,0,0,0]T degrees. A plot of the desired tool position in world

coordinates is shown in Fig. 5.1.

Circular — the tool was commanded to trace a circle 0.175 meters in radius
centered on X=-0.934 meters, Y=0.14909 meters, and Z=-0.156 meters. The
tool started at the top of the circle (X=-0.934 meters and Z=0.019 meters,
joint
position ¢ = [0,-115,0,0,0,0]7 degrees) and proceeded in a positive X di-
rection. This traced a circle in a plane parallel to the world XZ plane. The

circle was clockwise, as shown in Fig. 5.2.

The stationary trajectory tested the controller’s ability to track a constant
position trajectory having zero velocity. It was the simplest trajectory and indi-
cated if the controller was stable. The linear trajectory provided the controller with
a ramp input for the Z axis position, and a constant input for the X axis position
(see Fig. 5.1). This trajectory required a constant velocity for both axes, except
for the initial velocity jump along the Z axis. The circular trajectory required the
end-effector position and velocity to follow sinusoidal trajectories in both the X
and Z directions (see Fig. 5.2). This was the most complex trajectory, following
the same shape as the virtual trajectory used by Hogan to test his impedance

controller [20] (see Fig. 2.5).

5.9.1 Results. The results of the three trajectory tracking tests used to

evaluate this initial implementation of the impedance controller are presented in

Sections 5.3.1.1 through 5.3.1.3. The results are further discussed in Section 5.3.2

where three different mechanisms influencing the performance are described. -

5.9.1.1 Stationary Trajectory. Figure 5.3 indicates typical performance

of the impedance controller when tracking the stationary trajectory. Control pa- %
) 1

rameters used in this test are shown in Table 5.4, where the values of the desired
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Figure 5.1.
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Table 5.4. Stationary Trajectory Test, Controller Parameters

Parameter Value
.K'u, K:u 300 N/m
Bu, Bzz 85.714 N-s/m
My, M, 6.122 Kg
Sample Time 14 ms
Interpolations 4 per cycle
Deadband Threshold 00N
Wn 7.0 rad/s
¢ 1.0

dynamics natural frequency (w,) and damping ratio () were derived from the diag-
onal K, B, and M matrices using the model of the desired second order dynamics

discussed in Section 3.1.2.

The impedance controller tracked the stationary trajectory quite well, except
for a slight 1.5 cm jump in the X position midway through the trajectory. Because
of the particular joint positions used in this test, movement in the X direction was
possible without significant movement in the Z direction. This could occur through
a slight rotation about joint 3; in this case the 1.5 cm jump represented a 1.3 degree
rotation. The exact explanation for the jump is unclear. However, it could have
occurred when high frequency vibration in the arm’s gear train caused link 3 to
suddenly break loose from the joint stiction effect and rotate. Because the error
was small, the impedance controller did not command enough corrective torque to

overcome the high stiction torques in the arm, and the error went uncorrected.

The initial (¢ = 0 s) 0.5 cm jump in the X and Z position of the arm was due
to start-up transients as the impedance controller began to track the trajectory.
Like the jump midway through the trajectory, this constant error was too small

for the resulting corrective torque to overcome the stiction in the arm.

5.3.1.2 Linear Trajectory. Figure 5.4 shows the actual path in the

XZ plane of the tool end point while tracking the linear trajectory. Figure 5.5
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Table 5.5. Linear Trajectory Test, Controller Parameters

Parameter Value
I"u, Kzz 300 N/m
Bn, Bzz 69.0 N-s/m
Mu, Mzz 3.0 Kg
Sample Time 14 ms
Interpolations 19 per cycle
Deadband Threshold +6.0 N
Wp 10.0 rad/s
¢ 1.15

displays the actual position and position errors with respect to time. Table 5.5

lists the controller parameters used in this test.

The controller generally remained close to the linear trajectory, however both
the X and Z positions were in error. Observing the manipulator, it was seen to
move along the trajectory with an oscillatory motion, punctuated by apparently
random pauses where the robot came to halt. At times the motions of links 2 and
3 did not appear to be fully coordinated, that is their motions were not sufficiently

synchronized for the revolute manipulator to track the cartesian trajectory.

The X and Z position errors are shown at the bottom of Figure 5.5. The
X axis error reached a maximum of 2.7 cm midway through the trajectory, with
a 0.6 cm error at the end. The Z axis error was a maximum at -6.8 cm (i.e. 6.8
cm behind the desired position) midway through the trajectory, with a -2.8 cm
error at the end. The errors in the X and Z axes were correlated, that is when the
manipulator moved to correct errors in one axis it introduced errors in the other

axis. This resulted from the previously noted uncoordinated motion.

The motionless pauses observed during the test can be seen in the X, Z
position plot (upper plot) of Figure 5.5. These occurred intermittently from t=0

to 25 seconds, and are prominent again near t=35 seconds and t=46 seconds.
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Table 5.6. Circular Trajectory Test, Controller Parameters

Parameter Value
K'u, I(zz 300 N/m
Bu, Bzz 85.714 N-s/m
Mu, Mzz 6.122 Kg
Sample Time 14 ms
Interpolations 19 per cycle
Deadband Threshold +6.0 N
Wn 7.0 rad/s
¢ 1.0

5.3.1.3 Circular Trajectory. Figure 5.6 is a typical plot of the tool’s

actual versus desired position while following the circular trajectory. Figure 5.7
plots the tool position and position error as a function of time. Table 5.6 identifies

the controller parameters used for this evaluation.

Observing the arm, it was seen to follow the circular trajectory in an os-
cillatory motion about the desired path. Frequently only one joint moved at a
time, and occasionally the arm would come to a complete stop. These motionless
periods can be seen in Figure 5.7 (upper plot) as points where both the X and
Z positions are simultaneously constant. Examples occurred at t=18 seconds and

t=>51 seconds.

The error plot of Figure 5.7 (lower plot) indicates the tool’s actual X and
Z positions tended to lag behind the desired trajectory. This created a roughly
circular track, displaced slightly to the left and above the desired path as shown

in Figure 5.6. The amount of tracking error varied throughout the trajectory.

The large initial oscillations about the desired trajectory represent the tran-
sient respouse of the impedance controlled arm due to a sudden change in the arm
velocity and an increasing position error. In an actual robotic application, these
initial oscillations might be reduced through use of tailored trajectories having
continuous position, velocity and acceleration values, and perhaps constraints on

the amount of jerk (the time derivative of acceleration) imposed on the arm. The
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Figure 5.7.
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Z axis oscillation died out at the bottom of the circle, where the Z axis velocity is

smallest, and then increased as the tool moved up the “side” of the circle, where the
Z axis velocity is greatest. The Z axis oscillation behavior suggests a relationship
between the controller’s damping characteristics and the arm velocity. Oscillation

in the X direction was roughly correlated with the oscillation in the Z direction.

5.8.2 Discussion of Trajectory Tracking Results. The initial implementation

of the impedance controller produced a system capable of rudimentary trajectory
tracking. Performance of the controller was sufficient to allow preliminary testing
of the compliant motion environment. While this initial impedance controller did
not have adequate tracking performance for a full investigation of compliant mo-
tion control issues, the initial evaluations have identified the key areas requiring
improvement. Three different effects appeared to be the most significant factors in

degrading the performance of the impedance controller. They were:

e The degree of inaccuracy in the assumption of a commanded cartesian tool

velocity equal to zero (¥, = 0).

e The unmodeled stiction torque in the arm, and the uncertain accuracy of the

Coulomb and viscous friction models, particularly at low speed.

o The long sample time required by the current controller implementation.

5.3.2.1 Velocity Effects. Inthe development of the simplified impedance

control law (Eqn. 3.21) from the full impedance control law (Eqn. 3.20), the
commanded velocity of the manipulator was assumed to be close to zero. This
assumption eliminated the Coriolis and centrifugal acceleration torques, but most

importantly allowed the approximation v, = 0 in the (v, — ¥) term of Eqn. 3.20.

As a result, the performance of the control law becomes sensitive to the accuracy

of the zero velocity approximation. To insure the motion of the arm was properly

damped, the speed of the manipulator along the trajectory had to limited.
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Table 5.7. Controller Parameters for Velocity Effects Tests.

Parameter Value
I{n, Kzz 300 N/m
Bu, Bzz 69.0 N-s/m
Mu, Mzz 3.0 Kg
Sample Time 14 ms
Deadband Threshold +6.0 N
Wn 10.0 rad/s
¢ 1.15

The impact of this approximation was easily demonstrated by evaluating
the manipulator’s tracking performance when it was tested several times using
the same trajectory, but with different velocities for each test. The manipulator
velocity was altered by changing the number of interpolations per set point (also
referred to as interpolations “per cycle”) used in tracking the trajectory. Since the
time between each interpolation was fixed at the sample time (7)), increasing the
number of interpolations per set point increased the elapsed time per set point.
Since for each test the trajectory’s set points remained the same distance apart,
the required manipulator velocity decreased when the number of interpolations
increased. For example, a test made with 19 interpolations per set point had a
velocity four times slower than a test made with four interpolations per set point
(note: one cycle must be added to both the 19 and four interpolations to account

for the cycle using the set point as the desired position).

Figure 5.8 shows the effect of a change in velocity on the X and Z position
errors when the controller used the parameters of Table 5.7. The velocity was
changed by running one test with four interpolations per set point, while the other
test was run with 19 interpolations per set point. The tests were performed using
the circular trajectory. In both the X and Z channels, the error is clearly greater at
higher speeds. Figure 5.9 presents the X and Z position errors for a test using the
controller parameters of Table 5.6, but with only four interpolations per set point

instead of nineteen. This figure can be compared with the lower plot of Figure 5.7
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to again highlight the dependance of position error on velocity. In fact, the plot of
Figure 5.9 represents an extreme case where the manipulator can be unstable for

certain control parameter sets if the low velocity assumption is poor.

The ability of the simplified impedance controller to damp the arm motion
improved as the velocity decreased. This can be understood by considering the
impedance controller as a cartesian space PD control law whose gains are a function
of the arm dynamic configuration (I~! matrix). A reasonably accurate estimate of
the velocity error, (v, — 7), is necessary for a PD control law to properly damp the
motion of the robot. Incorrect damping results in unexpected oscillatory behavior,
as shown in Figure 5.6, where even with a critically damped system ({ = 1.0), start-
up transients and other oscillations occurred. Reducing the manipulator velocity
improved the general performance of the simplified impedance control law, but did
not produce entirely satisfactory results. Performance could be further improved
by using an even slower velocity (which exaggerates the stiction problems discussed
in Section 5.3.2.2), or by including the commanded velocity term in the control
law. Fortunately, the compliant motion control environment has been set-up to
allow the commanded velocity term to be included in the control law with several

straight-forward modifications to the controller software (see Chapter Six).

5.9.2.2 Friction Effects. Thesimplified impedance control law includes

a model for the Coulomb and viscous friction torques acting on the bearings, mo-
tors, and gear trains of each joint. The model was developed by Leahy based on
empirical test data obtained from a PUMA 500 series robot [32]. The model can
only be considered approximate because of the variance of the test data due to
non-linearities such as backlash. Because it is an approximation, the model some-
times results in undercompensation of the joint friction torques. In addition, the
friction model does not include any compensation for the stiction torques present

at the joints when the joint velocities are zero.

5-24




3F noA
: ; o
T °F n g b
© " Ao i v
© h S . - (\ 0 :E H . :
E P A os HiH (\ﬂ P
N fiadt H R R AT
S ’ /\H : ; Eai/\-‘ '
s VY T
§ \\: 'I:,.-'
= -
(4]
<
Q.
N
<
x

' '
.
N R
[ [
. ! v !
» ! 0
[ e
[ [
(3] [
. ¢!
e [
[ [
. [

. Iy 0

" N .
v . et 4 ‘
M . H .o v

- T A

!
(¥]
LELELSE BUELARSLAY NLALAS S0 A (R AUNL AR NN ILALLEN S
e’
[ s
h —— =i
Seereasaaccacneas
-_—
Toeeeeeseeaes
<<
-~
—
il L

st by b b b b b b e
0 2 4 6 8 10 12 14 16 18 20
Time (seconds)
POSITION ERROR, CIRCULAR TRAJECTORY

Figure 5.9. X and Z Position Error with Four Interpolations per Set Point. Ta-
ble 5.6 lists the controller parameters used for this test (X=solid line,
Z=dashed line).
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At moderate to high speeds the friction model works well and is adequate for
control of the PUMA [39]. At moderate speeds friction torques are significant, but
not dominant when compared to the other dynamic effects (e.g. inertia, inertial
coupling, Coriolis and centrifugal). Also, the greater the link momentum, the
longer it takes for dissipative friction torques to absorb the link’s energy and bring
the link to a halt. So at moderate speeds the momentum of the three large links
prevents the effects of insufficient friction compensation from becoming readily
apparent. On the other hand, at the very low speeds used to insure proper damping

with the impedance controller, friction is the dominant dynamic effect.

Inadequacies in the Coulomb and viscous friction model, and the lack of stic-
tion compensation, account for several of the dynamic behaviors observed in the
trajectory tracking evaluations. Approximations in the Coulomb and viscous fric-
tion model occasionally caused the friction compensation torques to be less than
the actual friction present in the arm. When that condition occurred while the
arm was moving slowly, friction was able to bring the arm to a halt. Once the
arm was motionless, stiction dominated. Since the resistance due to stiction was
greater than the Coulomb friction torque, the friction compensation torques were
insufficient to alleviate the problem by themselves. The arm remained motionless
until the position error became large enough for the feedback loop to generate ac-
tuator torques sufficient to overcome stiction. When the arm again began to move,
the large position errors and sudden acceleration caused the arm to experience
poorly damped transient behavior. As the transient oscillations were damped out,
the arm slowed down, and the uncompensated friction could again stop the arm’s

motion.

When poor friction compensation had a greater impact on one joint than
another, uncoordinated motion resulted. This occurred because the friction com-
pensation torque sent to one joint was sufficient to overcome its internal friction,

but the friction compensation torque sent to the other joint was not able to over-
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come that joint’s friction. As a result, only one joint moved when the movement of
both was required. In the trajectory tracking tests, joint 2 of the PUMA was more
prone to the move-and-stall behavior than joint 3. The inability to simultaneously
control the motion of both joints prevented the robot from making the coordinated

movements necessary to precisely track the linear or circular cartesian trajectories.

In the stationary trajectory test (see Section 5.3.1.1) the controller was not
able to correct for small displacement errors. Although part of this problem can be
attributed to insufficient position error gain, stiction also played a role. Because
of stiction, there was a minimum displacement error necessary to generate a large
enough actuator torque to get the arm moving. If the errors fell below this thresh-
old, they were not corrected, as in Figure 5.3. This same behavior occurred with

the linear and circular trajectories.

Gear driven robots, like the PUMA, usually have noticeable friction forces
involved in the gear train. Benton and Waters experienced problems when per-
forming compliant motion experiments using a PUMA 560 arm because of friction
induced non-linearities in the joint current-to-torque relationship [4, p. 70]. As
noted in Section 2.3.1, Townsend and Salisbury found Coulomb friction and stic-
tion could cause the manipulator to move in a “stick-slip” cycle very similar to the

motion observed during the trajectory tracking tests (54, p. 886-887|.

5.4 Compliant Motion Tests.

The compliant motion performance «{ the impedance controller was tested
using the circular trajectory of Section 5.3 as the virtual path of the manipulator.
The mockup refueling platform was placed in the path of the trajectory, and the
test forced the manipulator to be compliant when it encountered the surface of the
platform. Ideally, the compliant manipulator should cause the tool to smoothly
slide across the constraint surface, while maintaining a minimum interface force.

The tool position should follow a chord line across the lower portion of the circular

5-27




trajectory, and the time history of the interface force should be directly propor-
tional to the position error (see Fig. 2.5). This test was identical to the one
used by Hogan to demonstrate his impedance controller on a simplified, two link,
direct-drive arm (see Section 2.2.3). The controller parameters used in the com-
pliant motion test were the same as those used for the previous circular trajectory
tracking test (see Table 5.6). The test was run twice, first using active compliance
from the force feedback terms in the impedance control law, and then using only
the passive compliance inherent in the PD control loop for joint 5. The active
and passive compliance cases were compared to demonstrate the benefits of adding

active compliance.

5.4.1 Compliant Motion Test Using Active Compliance. The ability of the

impedance controller to actively add compliance to the PUMA was tested using
the trajectory and control parameters described above. The impedance controller
successfully moved the tool through free-space and across the constraint surface.
Excess interface force and unstable behavior were prevented from occurring. How-
ever, the performance of the robot could still be improved. During the test, the tool
was observed to oscillate along the free-space portion of the trajectory. When the
tool encountered the surface of the platform it had a tendency to bounce upwards
by one to two centimeters. The tool moved across the platform with a series of low
amplitude, low frequency oscillations. Contact with the platform remained contin-
uous for only brief portions of the trajectory. As the desired trajectory cleared the

platform, the tool again resumed an oscillatory path through free-space.

Figure 5.10 shows the actual tool path relative to the desired trajectory. The
actual path was roughly semi-circular, and the oscillations created when the tool
encountered the platform can be seen along the “straight” portion of the semi-
circle. As with the previous circular trajectory tracking test (see Section 5.3.1.3,
Fig. 5.6), the tool motion was underdamped and there were significant transient

response oscillations at the beginning of the trajectory. Figure 5.11 indicates the X
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and Z positions as a function of time. The constraint surface imposed a maximum
error in the Z direction of 0.13 meters. This error in the Z direction created
the interface force applied by the manipulator (based on the concept of stiffness,

Eqn. 2.2).

The oscillatory, bouncing motion observed as the tool slid across the con-
straint surface was not entirely desirable, but was not unexpected. The desired
dynamics established by the impedance control law are those of a mass-spring-
damper system (see Fig. 3.4). Because the preliminary implementation of the
impedance controller suffers from poor damping and an inability to make precision
movements at slow speeds (as explained in Section 5.3.2), it was not able to con-
trol the oscillation of the spring mechanism and allow the tool to smoothly slide
over the constraint surface. With improved damping and stiction compensation
it should be possible to tune the M, B, and K parameter matrices to create the

desired performance.

Figure 5.12 indicates the interface force in the X and Z directions. The
deadband function was not applied to the interface force in order to improve the
sensitivity of the controller to small forces. Eliminating the deadband also provided
complete record of the interface forces. Without the deadband, the inaccuracies
introduced into the force transformations (Eqn. 3.60) by the poor joint calibration
created non-zero values of interface force along both the X and Z axes, even when
the tool was not in contact with the surface. These bias errors were relatively
small because the most poorly calibrated joints (joints 4 and 6) remained in the
positions used to calibrate the force sensor. If joints 4 and 6 had been moved, the
errors in interface force could have increased sufficiently to significantly influence
the manipulator motion. In this later case use of the force deadband function

would be necessary.

The high frequency oscillation of the interface force during the non-contact

portion of the trajectory was the result of vibration in the tool. The tool vibration
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was induced by the motion and vibration of the robot links. The wrist joints (joints
4, 5, and 6) are particularly prone to vibration since the gains of their PD control
loop were not tuned for the mass of the tool and force transducer. Of the three
wrist joints, joint 5 has the most effect on the tool vibration in the X and Z axes

(assuming joints 1, 4, and 6 are kept near zero degrees).

The measured interface force in the Z direction (the lower plot of Fig. 5.12)
represents the normal force between the tool and the platform surface. The applied
force oscillated as the tool came in and out of contact with the surface. The
instantaneous average value (a root mean square quantity) of the oscillating force
data can be estimated as the center value of the oscillations. The instantaneous
average value of interface force increased as the error between the virtual and actual
paths increased, thus confirming the spring-like nature of the desired dynamics.
The maximum value of the instantaneous average interface force was between two
and three Newtons at approximately 36 to 40 seconds into the test. Peak forces of
over 13 Newtons occurred at ¢ = 34 seconds when an oscillation caused the tool to

impact the surface particularly hard.

The measured interface force in the X direction represents the frictional forces
encountered by the tool as it slid across the platform. As would be expected, the
friction forces were correlated in time and magnitude with the normal forces. The
correlation in magnitude was not as accurate as the correlation in time because
scratches and nicks in the platform surface caused variations in the friction coeffi-
cient. In general the friction forces were about half the normal forces, suggesting

a Coulomb friction coefficient of approximately 0.5.

5.4.2 Compliant Motion Test Using Passive Compliance. As discussed in

Section 3.3, the positions of joints 1, 4, 5, and 6 were governed by a PD control
law. Because the position error gains used in this control law were relatively low,

they created an “electronic” remote center of compliance (RCC) using the four
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joints not governed by the impedance controller. The electronic RCC introduced

passive compliance (i.e. compliance which is not explicitly controlled by feedback
of interface force measurements with a feedback loop) into the PUMA arm. Passive
compliance was demonstrated using the same test trajectory as was used to test the
active compliance of the impedance controller. The controller gains were also the
same a8 the ones used by the active compliance test (see Table 5.6). To eliminate
the active compliance from the control law, the impedance control algorithm was

altered to eliminate the force feedback terms of Eqn. 3.21.

Using passive compliance, the motion of the tool through free-space was the
same as was observed in the previous trajectory tracking tests. When the tool
contacted the platform it initially bounced several centimeters, but then settled on
to the surface and did not lose contact until commanded to move off the platform
by the virtual trajectory. However, this smooth motion was only possible because
of the passive compliance present in joint 5. As the tool moved across the surface
joint 5 made major deflections to accommodate the constraint force imposed by

the robot,

Figure 5.13 shows the motion of the tool end-point as it slid across the plat-
form. Figure 5.14 displays the X and Z position as a function of time. The motion
across the surface (the chord line of the semi-circle) does not appear smooth in the
figure because the tool position was calculated using the Servo processor forward
kinematics routine, assuming joint 5 was rigidly locked in the gz = 0 position.
Better data, indicating the exact tool position, was not available from the control
system. In this figure the constraint surface appears to be located slightly higher
than in Figure 5.10. The apparent change in height was due to differences in the

PUMA joint calibration between tests.

Figure 5.15 traces the interface force in the X and Z directions throughout the
course of the test. With passive compliance, the maximum instantaneous average

value of interface force was estimated as 10 Newtons in the Z direction and four
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Newtons in the X direction. Using passive compliance, the instantaneous average
values of the interface forces were approximately 300 percent higher than those

generated using active compliance.

Some portion of this change can be attributed to changes in the joint position
calibration. Calibration changes caused the tool position error to be approximately
four centimeters greater for the passive compliance test than for the active com-
pliance test. This represents a 30 percent increase in the position error relative
to the 13 cm error of the active compliance test. Assuming a linear relationship
between position error and force (an assumptior justified by Eqn. 2.2), this 30
percent increase in error cannot account for the 300 percent increase in interface
force between the two tests. Clearly, the impedance controller is successfully using
force feedback to reduce the interface forces and add active compliance to the robot

manipulator!

5.5 Discussion of Evaluation Results.

The simplified impedance controller implemented in this thesis has success-
fully demonstrated the use of active compliance to reduce the interface force be-
tween the manipulator and the environment. In addition, the performance of the

force sensor and the execution time of the impedance control algorithm were quan-

tified.

The force sensor performance is acceptable for use with the two degree of
freedom impedance controller, since joints 4, 5, and 6 are not actually moved
very far from their calibration positions. The absolute position calibration of the
PUMA joints needs to be improved (especially joints 4 and 6) if the user desires
to achieve a more accurate calculation of the interface forces. Alternatively, full
six degree of freedom impedance control can be performed, without improving
the arm calibration, by using deadband functions to eliminate errors in the force

calculations. Unfortunately, these deadband functions will limit the sensitivity of
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the arm to small interface force values, and will introduce additional non-linearities

into the control system.

The execution time of the impedance control algorithm’s principal compo-
nents were determined. Faster sampling was desired to improve the controller per-
formance, however the use of the PUMA clock as the source of the controller tim-
ing signal limited sample times to multiples of 7 ms. The algorithm was executed
within a 14 ms sample time since its measured execution time was approximately
9.7 ms (not including the time for diagnostic write statements). Therefore, if sam-
ple time improvements are to be realized, either the impedance control algorithm
must be altered to execute in under 7 ms, or the compliant motion environment
must incorporate a new source of controller timing signals allowing “finer” selection
of sample times. With knowledge of the execution times, future researchers can
better estimate the calculation time of compliant motion control algorithms, and
these times can serve as the basis for a re-organization of the impedance control

algorithm to shorten the sample time.

The trajectory tracking and compliance capabilities of the impedance con-
troller were evaluated for several different trajectories. This initial implementation
of the impedance controller successfully demonstrated rudimentary tracking capa-
bilities. The tests pointed out two problem areas requiring improvements to obtain
better trajectory tracking and compliant motion performance. These two problems

were:

e The poor damping characteristics of the controller due to the zero velocity

approximation and the relatively long 14 ms sample time.

e The significant impact on the arm dynamics of uncertainty in the Coulomb
and viscous friction compensation model, coupled with the lack of stiction

compensation.
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Unfortunately, the simplest solutions to these two problems were in opposition to
each other. The zero velocity approximation required the manipulator to move
slowly to achieve the best damping (least oscillation). However, at low speeds
underestimation of the Coulomb and viscous friction at the joints caused the ma-
nipulator to stall. Once the manipulator motion stopped, the significant, but
unmodelled, stiction forces required large position errors to develop before motion
resumed. These two problems resulted in oscillatory manipulator motion, punc-
tuated by random pauses, and with poor coordination between the links. These
problems inhibited precise manipulator tracking of cartesian trajectories. Solving
these problems (by introducing a commanded velocity term, using a faster sam-
ple time, and improving the friction model) should lead to enhanced trajectory

tracking and smoother compliant motion.

The performance of the impedance controller on the PUMA can be compared
to the performance achieved by Hogan using essentially the same impedance control
law on a dynamically less complex manipulator. Hogan was able to demonstrate
better trajectory tracking with smoother compliant motion (see Fig. 2.6) because
his manipulator did not exhibit the same low-speed stiction dominated behavior
as the PUMA. He avoided excessive friction through the use of direct-drive links
(eliminating sticky gear trains) and special low friction joints. As a result, he
smoothly operated at low velocities, where the zero velocity approximation is valid.
Hogan also used a 9 ms sampling time, thus allowing the use of “stiffer” controller
gains (higher natural frequency pole placements) to improve controller performance
without encountering the link resonant frequencies. The comparison of Hogan'’s
manipulator to the PUMA points out key differences hetween the manipulators.
Because of these differences it was possible for the same control law to be very

successful on his manipulator, while it produced more limited results on the PUMA.
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5.6 Summary.

In this chapter, the tests used to evaluate the compliant motion control envi-
ronment and impedance control law were described. Sections 5.1 and 5.2 presented
the results of the force sensor accuracy and algorithm timing tests. In light of these
results, the impacts on controller performance of force sensing errors and long sam-

ple times were discussed.

The ability of the impedance control algorithm to control the PUMA during
both trajectory tracking and compliant motion tests was evaluated. Section 5.3
indicated the tracking performance of the controller, and also discussed factors
causing undesirable tracking behavior. Section 5.4 described how the impedance
controller’s ability to provide active compliance was successfully demonstrated.
These initial tests highlighted the need to obtain improved trajectory tracking per-
formance in future investigations of impedance control. A set of recommendations

to improve performance are presented in the next chapter.
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VI. Conclusions and Recommendations

The foundation has been laid for future compliant motion research in the
AFIT Robotic Systems Laboratory. The compliant motion environment and pro-
totype impedance controller developed by this research have successfully demon-
strated elementary compliant motion. However, many improvements are possible
and the recommendations made here should be pursued to fully exploit the possi-

bilities of the compliant motion environment and the impedance controller.

6.1 Conclusions.

In this thesis the scope of work ranged from the design and fabrication of
mockup refueling hardware, to the creation of a hierarchial control environment
and the implementation of the impedance control law. With the bread-board
compliant motion control environment it was possible to initially implement an
impedance controller. The impedance controller successfully demonstrated ele-
mentary compliant motion, although the trajectory tracking performance requires

improvement.

As a result of the effort to create the compliant motion environment, the

following conclusions can be drawn:

1. A hierarchial compliant motion control environiment now exists in the AFIT
Robotic Systems Laboratory. The environment: presents the user with a
powerful, flexible interface for implementing compliant motion control laws.
The compliant motion environment uses modular software and has a high
degree of commonality to the existing ARCADE robot control environment.
In general, this software supports six degree of freedom control of the PUMA

robot.
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2. Interface forces can now be determined in a fixed cartesian coordinate frame,
and used for real-time control of the PUMA arm. This capability was made

possible by integration into the environment of a wrist mounted, three axis

force sensor measuring the force and moment applied about each of the sensor
axes. An original technique was developed to transform these forces from the
sensor to the world frames, while eliminating the weight of the tool from the

force measurements.

3. A physical environment for testing compliant motion control techniques also
exists. The environment includes half scale mockups of a standard USAF
aerial refueling port and nozzle. The physical environment is reconfigurable
and can support compliant motion tests ranging from simple surface following

tasks to a demonstration of robotic aircraft refueling.

4. Based on the force sensor accuracy test results, it is apparent that the ac-
curacy of the interface calculations can be significantly degraded by poor
calibration of the PUMA arm (particularly joints 4 and 6). For applications
where only joints 2 and 3 are moved, there are only minimal errors. For more
general applications, either the calibration of the arm must be improved, or
deadband functions must be added to prevent the arm motion from being

influenced by force errors.

A simplified impedance control law was implemented in order to test the com-
pliant motion control environment, and perform initial investigations of impedance
control. This is the first known use of an impedance controller on a vertically artic-
ulated, gear driven, industrial manipulator. The impedance controller used links
2 and 3 of the PUMA arm to obtain two degree of freedom motion, however the
implementation of the algorithm permits straight forward expansion to a more

general six degree of freedom control law.
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The impedance controller was tested using several simple free-space trajec-
tories. The use of active versus passive compliance was evaluated using a simple
surface following trajectory. The results of these initial investigations of impedance

control demonstrate:

1. The impedance controller successfully adds active compliance to the manip-

ulator system.

2. As currently implemented, the impedance control algorithm requires approx-
imately 10 ms to execute. Unfortunately, force sensor sampling rates and the
use of the PUMA clock limit the algorithm sample time to the undesirably
long value of 14 ms.

3. Improved trajectory tracking is needed to provide smoother end-effector mo-
tion during both the free-space and constrained portions of compliant motion
tasks. The current controller exhibits large position oscillations and unco-
ordinated joint motion during trajectory tracking tasks. Unacceptably large
steady-state position errors exist and the manipulator moves in a “stick-slip”

motion.

4. Poor trajectory tracking performance is the result of:

e Inaccurately approximating the commanded velocity as 4, = 0. The
approximation prevents the control law from properly damping the end-

effector motion and contributes to the undesired oscillations.

e The use of an approximate model of the arm friction forces in the
impedance control law. Underestimation of the Coulomb and viscous
friction torques, and the lack of stiction compensation, results in the
uncoordinated and “stick-slip” motions observed during the trajectory
tracking tests. Stiction also prevents the arm from initiating motion to

correct for small position errors. These friction problems are aggravated

by the need to move slowly to satisfy the ¥, = 0 approximation.
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e The restriction of the controller sample time to T, > 14 ms. The 14
ms sample time restricts the locations of the desired dynamic’s s-plane
poles, resulting in poor damping and steady-state error. The relatively

long sample time prevents the impedance controller from controlling the

PUMA’s high frequency body bending modes.

6.2 Recommendations.

The impedance controller implemented in this thesis requires three improve-
ments to bring its trajectory tracking performance up to acceptable levels. Any
one of the three improvements may result in dramatic performance improvements,
so they should be implemented sequentially with the simplest improvements made
first. The improvements are listed below, rank ordered from the easiest to imple-

ment to the most difficult.

1. The commanded velocity equal to zero assumption should be discarded and a
commanded velocity (v,) term included in the control law. This will improve
the controller’s ability to damp the manipulator motion, and eliminate the

need to restrict the manipulator to low speed trajectories.

2. An improved model of the friction torques present in the PUMA arm needs
to be defined. A literature search should be initiated to develop a better
understanding of friction modeling, as well as the motor and gear train ef-
fects producing the friction. A statistical study of the PUMA arm should
be performed to re-evaluate the friction compensation model and insure the
Coulomb and viscous friction torques are properly calculated. Also, the stic-

tion forces acting at the joints should be estimated and added to the model.

3. The impedance control algorithm could be restructured to improve its cal-
culation time. Faster calculation times would permit shorter sample times.

With shorter sample times it should be possible to use control parameters

6-4




resulting in better manipulator damping and less steady-state error. The cur-
rent impedance control algorithm calculation time could be reduced by using
a separate processor to provide interface force information. Other changes
to the Servo processor impedance control algorithm would be necessary to
further reduce its calculation time. These additional changes could include
adding a high speed processor to the MicroVax, and then using the MicroVax
to perform the majority of the control law calculations now performed by the
Servo processor. The Servo processor would then remain only as the interface

to the force processor and the PUMA hardware level.

Once the impedance controller’s trajectory tracking performance has been
improved, it will be possible to tune the K, M, and B parameter matrices to
produce the desired manipulator performance. At this point, it should be possible
to perform a demonstration of robotic refueling using the two degree of freedom
impedance controller. The control algorithm could also be expanded to allow
six degree of freedom compliant motion. Then, when integrated with a machine
vision system providing trajectory information, it will be possible to perform a

demonstration of autonomous aircraft refueling.




Appendix A. Control Law Derivation

This appendix elaborates on the derivation of the full impedance control law.
The derivation is based on the pole placement technique of algebraically comparing
the desired dynamic response to the actual dynamic model. The resulting matrix
equations can be solved for the actuator input values. The derivation presented
here parallels the derivation presented by Hogan in Appendix A of [18]. Additional
mathematical details have been added to provide a more complete understanding

of the derivation.

From Eqn. 3.9 the desired dynamics are!

dv
Fine = K(zo— )+ B(v, — v) — Miz (A.1)
solving for acceleration gives
% = M7'K(zo —2)+ M 'B(v, —v) — M~ Fipy (A.2}

Also, the manipulator dynamics are assumed to be (from Eqn. 3.19)

dq . :
I7, +0(9,0) + V(@) + 5(9) = Tact + 7o (A3)

The relationship between cartesian and joint velocities is given as [16, p. 544]
v = Jg (A.4)

Differentiating with respect to time using the product rule gives
dv dg dJ.
i + p7 (A.5)

Now, J is a function of ¢(t), so J = J(q(t)) and differentiation of J with respect

to time requires the chain rule.

dJ  dJdq

T dg it (A.6)

! Arrows indicating vector quantities have been removed
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Differentiation of the matrix J with respect to the vector q produces a third order

tensor composed of the gradients of the elements of J, then

q-VJu ¢-VJy,
q-VJn ¢-Viay

dJ dq

dgdt E{(d) = (A7)

where %(q) is a tensor operator acting on ¢, and (:) is the dot product. By
substituting appropriately, Eqn. A.5 becomes

dv dqg dJ, . .
= = J—q+—q— §)d (A.8)

Let G(q,9) = %(tj)«j, the term is dependant only on the position and velocity :
of the joints, just like the Coriolis and centrifugal torque term C(q,¢q). It acts to
correct the Coriolis and centrifugal torques computed in the joint space for the

cartesian nature of the control law.

Substitute G(q,q) = ( )¢ in Eqn. A.8 and solve for
dg dv
d—t = J! [dt G(Qa )] (A.Q)
Substituting into Eqn. A.3 yields
dv . . .
Tact + Tine = 1J77 ['}‘ - G( Q;Q)] +C(q,9) + V(q) + S(q) (A.10)

Substitute for £ with Eqn. A.2

Tact + Tint = IJ—I [M-II((Z‘O - 2) + A’I—IB(UO - v) - M—lnnt e G(‘L‘I)]
+C(q,4) + V(q4) + S(q) (A.11)

The cartesian position is determined by the forward kinematics function,
= L(q) (A.12)
and from before v = Jq so then

Tact + Tine = TJ MK (20— L(q)] + IJ "M B v, — J§) — IJ "M Fy,
I1J7'G(q,4) + C(q,4) + V(4) + S(q) (A.13)

A-2




To complete the derivation 7;,, must be expressed in terms of F},,, since F;,,
is measureable using a wrist mounted force sensor. To make this replacement the
relationship between joint torques and end-effector forces must be understood. The

definition of virtual work gives
§W = FTéz = v7é8q (A.14)

then
FTéz = Téq (A.15)

again 6z = Jéq so substituting
FT16q = 7T8q (A.16)

eliminating the §¢q from both sides

FTJ = T (A.17)
take the transpose of both sides
JIF = = (A.18)
so then the desired relationship is
Tine = J T Fine (A.19)

Returning to Eqn. A.13, substituting Eqn. A.19, and solving for 7, com-
pletes the derivation of the full impedance control law
Taee = I(q)J "MK [z, — L(g)] + S(q)
+ I{q)J "M 'B v, ~ Jg] + V(q)
~ [T+ I(q)J ' MY F
~ I(q)J7'G(q,4) + C'(¢,9) (A.20)
The equation has been arranged so the first row contains the position dependant

terms, the second row the velocity dependant terms, the third row the force feed-

back terms, and the last row has the Coriolis and centrifugal terms.
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Appendix B. Aircraft Robotic Refueling Background

B.1  Concept Qverview.

Air Force interest in the use of robots to refuel aircraft stems from a desire to
increase the rate of sortie generation and minimize the exposufe of ground crews to
hostile environments. Using an autonomous robot for refueling could decrease the
number of man-hours required for refueling aircraft, thus decreasing the number
of people required. Sortie generation rates can be increased by using these people
to work on other aircraft, or other turnaround tasks. Alternately, in a nuclear or
chemical warfare environment the number of casualties among ground crews can be
reduced by allowing these people to remain in the safety of their protective shelters.
Robotic refueling can be combined with other concepts for robotic aircraft ordnance
loading and maintenance, to create a highly automated turnaround system. Such a
system could have significant impacts on the time, manpower, and risks associated

with aircraft turnaround.

The existing procedure for refueling aircraft is described by Battelle in (3,
pp. 49-50, 116-117] and is summarized here. Currently aircraft are refueled on
the ground through the single point refueling port, usually located underneath the
wing or fuselage. A ground crew member maneuvers the fuel truck to the aircraft,
and if necessary connects the truck’s fuel pump with a flight line fuel hydrant.
Next, he insures the aircraft and fuel truck are properly grounded. To access the
single point refueling port a small accesss panel in the aircraft must be opened,
usually by loosening several fasteners. The nozzle of the fuel line from the fuel
truck is connected with the refueling port and the transfer of fuel is started. Fuel
is transferred at a pressure of up to 55 psig. While the fuel is being loaded, the
ground crew member checks the fuel tank air vents to insure air is flowing out of
the tanks, preventing a dangerous buildup of pressure. Also, while the tanks are

filling the ground crew member must visually inspect the aircraft and refueling
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equipment for leakage. When the job is completed the equipment is disconnected
in reverse order. If a nuclear or chemical warfare environment exists, the crew
member must perform the refueling while wearing MOPP IV protective mask,
gloves, and coveralls [3, p. 11]. This protective gear impairs his performance,

slowing down completion of the task and reducing his endurance.

In June 1986, the Air Force Flight Dynamics Laboratory contracted with
Battelle Corporation for a study of robot applications to aircraft turnaround. Bat-
telle examined the refueling task and conceptually defined a robotic refueler (3, pp.
26-32]. The concept developed by Battelle envisions a six degree of freedom arm
mounted on a self-propelled cart. Fuel would be transfered through the aircraft’s
aerial refueling port instead of the single point refueling port (see Figure B.1).
A refueling truck would tow the robot refueler cart to a point near the aircraft.
After separating from the truck, the cart would be positioned near the front of
the aircraft, with the refueling port within the workspace of the manipulator arm.
In Battelle’s technology limited (pre-1995 deployment) concept, a crewman would
use tele-robotic techniques to insert the nozzle in the refueling port [3, pp. 11-12].
In more advanced concepts a vision system would locate the port and the manip-
ulator arm could then insert the nozzle. A pre-determined amount of fuel could
be transferred, or the tanks may be loaded until aircraft fuel sensors indicate the

tanks are full. Vision systems would be used to monitor for leaks (3, p. 30].

Use of the aerial refueling port is desirable because:

1. For most aircraft a slipway exists to guide the nozzle to the port; exceptions

are some older aircraft (e.g. F-4) where no slipway exists [25].

2. The aerial refueling port permits much higher fuel flow rates (up to 1200 gal/min)
than the single point refueling port (up to 600 gal/min) [25]. Therefore, the

time to refuel the aircraft is significantly reduced.

N




Figure B.1. Robot refueling F-16 through aerial refueling port. (3, p. 27]
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3. Induction coils in the port and the nozzle can bhe used to pass signals hetween

the aircraft systems and the robot.

4. The port is never further back then mid-wing, therefore it can always be
reached from the front of the aircraft without requiring the refueling cart to

travel underneath the wing or fuselage.

5. The robot does not have to remove any access covers to open the aerial refu-
eling port, although the pilot or ground crew must open the aerial refueling
port by lowering the slipway (this could be done just before engine shut-
down). In contrast, use of the single point refueling port would require the
manipulator to loosen fasteners on the access cover — a fine manipulation

task requiring special tooling, and more sophisticated robot capabilities.

Battelle’s manipulator concept inciudes proximity sensors on each link of the
arm to prevent inadvertent contact of the arm with the aircraft 3, p. 31]. However,
Battelle does not include any provisions for sensing or controlling the contact forcés
and torques created during nozzle insertion. As a result the Battelle concept could
potentially have problems with parts breaking or jamming due to excessive contact
force, and the uncontrolled contact forces could also cause instability in the robot

arm controller.

The Battelle near-term concept is teleoperated. The operator would assist
in positioning the cart, maneuvering the arm to insert the nozzle, monitoring the
fuel flow, and checking for leaks. The operator would sit in a protective shelter,
either on the cart or in a separate nearby van or mobile shelter. Far-term refueling
concepts could be entirely automated, with an operator merely supervising one or
more robots from a remote location (3, pp. 14, 37, 41]. A form of compliant motion
control would be absolutely necessary for the autonomous far-term concept in order
to insure stable application of the correct contact forces. Near-term, teleoperated

concepts would also benefit from the use of a compliant motion controller since it
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would allow the nozzle insertion task to be performed faster, and by less skilled

operators.

B.2 Aerial Refueling Port and Nozzle Description.

All current U.S. Air Force fixed wing aircraft use a boom type refueling
system (helicopters, some U.S. Navy aircraft, and several allied air forces use the
probe and drogue system). This system consists of a tanker aircraft mounted boom
with a short cylindrical nozzle attached by a ball joint to the end of the boom.
The aircraft being refueled must have a receiver port to accept the nozzle. This
receiver port may be installed at the end of a trough-like slipway which helps to

guide the nozzle into the receiver port.

Because all these different aircraft must interface to the standardized booms
and nozzles used by the KC-135 or KC-10 tanker aircraft, their receiver port instal-
lations are very similar. Most USAF aircraft designed since the early 1970’s have
used as a standard the Universal Aerial Refueling Receptacle Slipway Installation
(UARRSI) [25], [56]. Those not using the UARRSI may use a modified slipway
(e.g. the F-16), or in the case of older aircraft they may not use any slipway at all
(e.g. the F-4) [25]. In all cases the critical receiver port dimensions are the same,
to within a few hundredths of an inch, so as to remain compatible with the tanker
aircraft nozzle [25]. Because of this high degree of standardization, the UARRSI

was used as the baseline for this study.

Figure B.2 shows the nozzle attached to the end of the boom, and Figure
B.3 provides additional nozzle dimensions. The nozzle is slightly tapered with a
maximum diameter of 5.25 inches, and an insertion depth of 6.245 inches {8]. The
nozzle is made of high strength stainless steel with a polished finish. Nozzle weight

is approximately 45 lbm [25].

The UARRSI slipway opening is approximately 23 inches long by 13 inches

wide. The slipway ramp extends downward at an angle of 15 degrees to a point
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Figure B.2. Quter End of KC-135 Refueling Boom Including Nozzle [8].
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where it meets a conical lead-in to the receiver port [10]. The receiver port is
mounted with the centerline at an angle of 31 to 46 degrees (depending on the
type of aircraft) below the surface of the UARRSI. For this study an installation
with an angle of 30 degrees was assumed. Figure B.4 indicates the port is slightly
tapered, to match the nozzle, with a diameter of 5.305 inches at the opening and

a diameter of 4.901 inches at the back

The UARRSI is designed for an optimum nozzle insertion when the approach
elevation angle matches the installation angle of the receiver port (in this case 30
degrees). Because of the compliance of the nozzle ball joint, an approach elevation
angle error of 14 degrees can be tolerated. Two types of insertions are possible. A
precision insertion may be made, in which case the nozzle is inserted directly into
the receiver port with little or no contact with the slipway. Alternately, the nozzle
may first contact the slipway, with normal forces of up to 900 1bf, and then slide
along the slipway until it is inserted in the port. During this type of insertion,
frictional forces are minimized since the contact surfaces of the slipway and the
nozzle are unpainted, polished stainless steel [9, pp. 32-33|. As envisioned in this
thesis, the proposed robotic system will use the latter insertion technique since it
is easier for the vision system to guide the end-effector to contact with the slipway

then to place the end-effector precisely in the receiver port.

Once inserted in the receiver port, the nozzle must slide far enough to open
poppet valves in both the port and the nozzle. These valves are spring loaded
and typically require a force of 60 to 100 Ibf to open (maximum specified force is
160 Ibf). As the valves are opened, two hooks are hydraulically extended from the
sides of the receiver port and engage latches machined into the nozzle (9, p. 37].
Therefore, for a successful refueling the robot’s control algorithm must direct the
manipulator to exert the same force along the nozzle’s longitudinal axis once it is

inserted in the receiver port.

Normally, when the nozzle and port are disengaged the latch hooks are pulled
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back into the port and the hoom is retracted at rates of up to 10 fi/s. However
the nozzle and port can also be disengaged by force if the hooks fail to retract, or
the receiver aircraft moves out of the refueling position envelop. The tensile force
developed during this second type of disconnect should not exceed 500 Ibf (9, p.
A-18]. The robot refueling system will probably be required to strictly use the
normal disconnect technique, because of the large force required for the alternate
technique and the ”"whip-lash” effect created when the manipulator suddenly broke

free.

For a minimum distance of 12 inches around the UARRSI, the aircraft fuse-
lage is hardened to resist inadvertent boom strike loads of up to 1800 1bf normal
to the surface. Also, aircraft are typically designed to be free of protrusions (e.g.
antennas, canopies, control surfaces) within an area or ten feet by five feet in front
of the UARRSI and two feet to either side or aft of the UARRSI [9, p. A-26].
These provisions are fortuitous for the robot refueler since they limit the number
of obstacles the robot must avoid, and insure the robot will not damage the aircraft

should the end-effector miss the slipway by several inches.

Two other UARRSI features are of particular use to the refueling robot.
While the nozzle and port are engaged, induction coils in both the nozzle and port
pass electrical signals allowing the receiver aircraft to communicate with the tanker
[9, pp. 50-51]|. The robot refueler can use this same system to receive signals from
fuel tank sensors indicating when the tanks are full. Also, the slipway surface is
illuminated by recessed lights to aid in night refueling {9, pp. 27, 42]. The lights

can be used by the robot’s vision system to help it locate and track the slipway.
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Appendix C. New and Modified Software.

This appendix contains abstract listings for all new or modified software
modules developed for the compliant motion control environment and the imple-
mentation of the impedance control law. The actual software listings are compiled
in AFIT Robotic Systems Laboratory Report No. 3 [14]. The appendix does not
include existing RHCS/R3AGE or ARCADE software which was used in the com-
pliant motion control environment without change (this software is documented in

[34] and [33]).

This appendix is organized into three sections. Section C.1 contains routines
used at the organizer level. Sections C.2 and C.3 contain routines used at the
coordinator level on the Servo and Parallel processors. No new or modified software

was required at the hardware level.

C.1 Organizer Software.

This section contains new or modified software used at the organizer level to
implement the compliant motion control environment and an impedance controller.
The code is written in DEC VAX Fortran Version 4.0 and is targeted to run on a
DEC MicroVax [11].

The main module running at the organizer level is FORCER3AGE. Organizer

subroutines are listed in Table 4.3.




20t e 20 2 e 2 2 2o e e e 34 ofe o o 2 o 3k e afe ok 2 s e afe e afe ok e ot ofe ke ok sk o e afe ake ok ofe sbc s e ok ol o ok s s e ok o o o o afe ol ok ol o o e e

FORCER3AGE: MicroVAX II version of the Parallel RAL Real-time
Robotic Algorithm Exerciser FORCE CONTROL VERSION:

Abstract: This program ie a derivative of Capt. M. B. Leahy’s
MVIIR3AGE program (Version 1.0, 12 May 88). The program allows
use of the R3AGE environment for implementing an impaedance based

compliant motion controller.

This version runs under MicroVMS and supports the complete

parallel processor enviromnment although currently only the servo
and dynamics processors are accessed. Dynamics and servo sampling
speed, initial conditions, trajectories and load configuration
are all user selectable. Communication with the parallel
processors is transparent to the user. The R3AGE user’s quide
provides the user with the detailed information necessary to
successfully utilize the R3AGE test environment. The compliant
motion control features are described in D. Duvall’s thesis

"Compliant Motion Control for Robotic Refueling", December 1988.

VERSION 1.0 DAVID J. DUVALL 6 September 1988

VERSION 2.0 DAVID J. DUVALL 29 September 1988
Modified to run with MicroVax III as the parallel processor
instead of a PDP 11/73. Organizer is now no longer required
to set-up and initialize the parallel processor -- the user

must do this independantly.
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SUBROUTINE FORREOUT(ND,DELT,ETITLE,P$CHAN)
Abstract: This subroutine allows data to be recovered and
stored by R3AGE by reading data from the coordinator.
All data is formated and stored in ETITLE.dat.
This routine is uniquely adapted to work with the IMPSER2.MAC
routine on the PDP; specifically the last data values of
each data block (ex. Force, Joint Angles, etc.) are ignored
because IMPSER2 saver one less value (per block) than is
sent to the MicroVax.
This subroutine is an adaptation of Capt M. B. Leahy’s
REOUT subroutine (Version 4.1) which was used to recover
joint position and velocity error data.
VERSION 1.0 DAVID J. DUVALL 15 SEP 88
Inputs:
ND: An integer that represents the number of data points.

DELT: A real variable which egnals the sampling rate.

ETITLE: A character string that represents the name of

the output file; ETITLE.DAT

P$CHAN: Integer value used to store channel number.
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SUBROUTINE SLCTTJ(NIC,PNIC,NSPI,ND)

Abstract: This subroutine allows the user to select the
manipulator joint space position, velocity and acceleration
trajectories for control algorithm evaluation under R3AGE. A
zero, slow and fast set of base trajectories are predefined.
The user may specify his/her own base trajectories contained in
a set of three files. Actual trajectories stored in COMMON
arrays are determined from the base trajectory and input sample
rate. Position trajectories are formed by addition of the
initial conditions selected by the SLCTIC subroutine and actual
trajectory data, and are checked against specific manipulator
range limits by the RCHK subroutine. Trajectories starting from
IC option 2 are reversed. The option to leave existing actual

trajectory data unaltered is also available.
VERSION 2.1 DAVID J.DUVALL 2 NOV 88

Commented out all options but the choice of the user defined
trajectory. Subroutine is now uniquely adapted to the
cartesian control task. Disabled trajectory reversing for

initial condition #2 if the user defined trajectory is selected.
VERSION 2.0 DAVID J. DUVALL 15 SEP 88
For the "User Defined" trajectory option (Option 3):

(1) Acceleration trajectories are not read.

(2) Position trajectories are not checked to see if they

C-4




F-——l-l-'-.--.ll-.f..'-lllllllllllIllllIlllIllIlllll-llII-lIlIlI----—-—-——-—-r*

violate the PUHA:; workspace limits.
(3) Position trajectories are intended to be used as read
from the data file. They are not added to the initial

condition values.

This version of SLCTTJ is intended for reading cartesian position

and velocity trajectories required for impedance control.

VERSION 1.0 MICHAEL B. LEAHY JR. 7 DEC 85
REVISION 1: Incorporates the changes necessary so that IC2
30 JAN 86 initial condition selection is correctly handled

when an unchanged trajectory is selected.

REVISION 2: Incorporates TMODE into MTYPE common.
26 FEB 86

REVISION 3: Incorporates changes to allows generation of

27 MAR 86  zero trajectory for any 7ms multiple.

REVISION 4: Corrects errors in trajectory file specification

8 Aug 86 read statements.

REVISION 5: Change default fast trajectory to spline ona.

22 FEB 88
Input:
QOR: A (6x1) COMMON vector of initial joint angles in radians. '!%
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NSPI: An integer representing sampling rate speed.

NIC: An integer representing initial condition number.

PNIC: An integer representing the previous initial condition

number.

Dutput:

ND: An integer representing the number of sampling points.

QDSI: A (6,ND) COMMON matrix of incremental joint positions.

QDST: A (6,ND) COMMON matrix of joint velocities.

QDSTT: A (6,ND) COMMON matrix of joint accelerationms.
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SUBROUTINE SLCTIC(NIC)

Abstract: This subroutine allows the user to select the
h’ manipulator initial condition for control algorithm evaluation

under R3AGE. The IC may be one of three predefined conditions,

input by the user or remain unchanged. User input conditions

. are automatically checked against the specific manipulator
range limits by the RCHK subroutine. IC values are stored in
COMMON vectors in degrees and radians.

VERSION 2.0 DAVID J. DUVALL 1 OCT 88

Redefined initial condition choices to adapt to FORCER3AGE

type tasks.

VERSION 1.0 MICHAEL B. LEAHY JR. 7 DEC 85

REVISION 1: Incorporates TMODE into MTYPE common and corrects

27 FEB 86 eorror of missing T6D matrix in TRAJ common.

Qutput:

Q0: A (6x1) COMMON vector of initial joint angles in degrees.

QOR: A (6x1) COMMON vector of initial joint angles in radians.

NIC: An integer representing IC option number. When the IC’s

remain unchanged so does this value.
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SUBROUTINE CALIBCON(FCONST)

Abstract: Organizer level subroutine to read in and calculate the
the constants needed by the Macro subroutines CFINT, CFORCE,
KIN62, and for initial calibration of the PUMA. Results of this
subroutine must be passed to the PDP 11/73 before they can

be used.

VERSION 1.0 DAVID J. DUVALL 1 SEP 88

INPUTS: None from calling routine. This subroutine calls the file
CFINTINP.DAT to get tool data, sensor scaling information,
and force & moment limits.

OUTPUTS:

FCONST -- A 12x1 real vector containing the constants.
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SUBROUTINE ADDCON(CONST)

Abstract: Organizer level subroutine to read in and calculate the
the constants needed by the Macro subroutine MAXFOR, and by
the servo processor for calculating the control torques.
Results of this subroutine must be passed to the PDP 11/73

before they can be used.

VERSION 1.0 DAVID J. DUVALL 1 SEP 88

INPUTS: None from calling routine. This subroutine calls the file
CFINTINP.DAT to get force & moment limits, and threshold
values for the force & moment deadband function. The
routine also calls the file GAININP.DAT to get Kp & Kv gain

values and desired angular positions for joints 1,4,5, and 6.

OUTPUTS:

CONST -- A 23x1 real vector containing the constants.




d
.‘
b C.2 C(oordinator Software for the Servo Processor.
This section contains software used to implement the compliant motion con-
trol environment at the coordinator level on the Servo processor. The software is
L written in DEC PDP assembly code for the RSX11 compiler. The code is targeted
to run on a PDP 11/73.
The program IMPSER2 is the main module for the Servo processor. Other
L Servo processor subroutines are listed in Table 4.4.
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IMPSER2: Impedance Control Macro, Servo Processor, 2 Degrees of Freedom

? Abstract: This program controls a robotic manipulator by combining
the elements of Hogan’s Impedance Control law to determine the
control torque for links 2 and 3 of the manipulator. The other
‘ 4 links are controlled by a PD gain loop. Impedance coefficents

are provided by a parrallel processor at user defined intervals.

The user interfaces to this program through the PFMAGE subroutine
b which also sets up the arm for testing and calibrates the force

8@nsor.

Position and velocity errors are output to the organizer by

FHDVAX.
VERSION 1 DAVID J. DUVALL 31 Aug 88
VERSION 2.0 DAVID J. DUVALL 28 Sep 88

Corrected errors in assumptions about diagonal nature of
impedance coefficent matrices. Can now handle fully
populated impedance coefficent matrices (IJM, IJMBJ).

. Also modified to work with MicroVax as a parrallel processor

(using VaxLab) instead of another PDP 11/73.

VERSION 3.0 DAVID J. DUVALL 3 Nov 88
Set force sensor sample interval to be .014 seconds or the Servo
processor sample interval, whichever is longer. This enables

Servo processor sampling at intervals under .014 seconds. Also,

C-11
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vhen the Servo processor sample time is less than .014 seconds,
test data (force, position, etc) is only saved on every other pass
through the servo control loop; this avoids accumulating so much

data it overwrites other memory areas.
NOTE: Version 3.0 has not been successfully run at times of

less than .014s because of the computation time required

in the main loop (slightly over .007s).
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FHDVAX: Force (and joint angle) history data to VAX.

Abstract: This macro transmits interface force, and angular

position data from a control algorithm to the VAX.

VERSION 1.0 DAVID J. DUVALL 14 SEP 88

CALLING FORMAT: CALL FHDVAX(NPNTS)

Input:

NPNTS: The number of data points in the buffer.
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GFORCE: Get force and moment data from the JR3 sensor through the

DRV11i card.

abstract: This routine gets a 11 byte packet of force/moment data

the JR3 force sensor through a DRVii card. Data is requested

by asserting CSRO. Data Valid is detected by REQ B being asserted.
After data has been received CSRO is cleared and the routine waits
until REQ B falls before initiating another data collection sequence.
The address of the force/moment data buffer

is passed into this routine so that the user can choose

where the data will be stored. The error flag is set if the JR3

does not respond in .9 millisec.

VERSION 1.0 Michael B. Leahy Jr. 12 July 88

VERSION 1.1 DAVID J. DUVALL 29 OCT 88

ROUTINE NOW CLEARS THE DRV11 ADDRESS AFTER READING THE NULL WORD.
THIS CLEARS ANY "GLITCHES" WHICH MIGHT BE PRESENT ON THE PDP 11/73
END OF THE SERIAL LINK. TIMEOUT TIME IS NOW SET TO .24 MILLISEC.

CALLING FORMAT: CALL GFORCE(DATA,ECODE)

Input:

DATA: An integer variable which represents the address of

the data to be stored.

C-14




Output:

ECODE:

An integer variable which is set if a time out error

occurs in the DRV1i1 communication
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SUBROUTINE CFORCE: Convert JR3 DMA Data to Measured Force and Moment

ABSTRACT: This subroutine converts the force and moment data supplied

by the JR3 force sensor over the DMA interface to measured forces
and moments. The JR3 supplies a signed number of counts (+-2048 max)
indicating external force on the sensor and including constant bias

errors. The counts must be scaled by a user defined scaling factor

Scale Factor = (Max Allowed Force)/2048

and then the calibration constant is used to eliminate any constant

bias in the force data

Measured Force = (Force Data)*(Scale Factor) - Calibration Force

The measured forces and moments resulting from this routine are in

the force sensor frame.

This subroutine requires the JR3 force and moment data to be stored

in 6 consecutive buffers (12 words) in the calling program. The scale
factors are computed at the organizer level before run time and must
also be stored in 6 consecutive buffers. Lastly, the calibration

forces and moments must be arranged in 6 consecutive buffers.

VERSION 1.0 DAVID J. DUVALL 21 AUG 88

CALLING FORMAT: CFORCE(DATA,SCALE,CALIB,FMEAS)
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INPUT:

DATA -- Starting address of the 6 buffers containing the JR3
force and moment data (this is the 3rd word of the 11

words sent by the sensor).

SCALE -- Starting address of the 6 buffers containing the user

defined scale constants.

CALIB -- Starting address of the 6 buffers containing the

calibration forces and moments.

FMEAS -- Starting address of the 6 buffers where output (measured

forces and moments) should be stored.

OUTPUT: The FMEAS addressed buffer, and the next 5 buffers after
FMEAS contain the measured forces and moments in the sensor

frame.
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SUBROUTINE MAXFOR: Macro Subroutine to Check for Excess Force on Sensor

ABSTRACT: This subroutine checks to insure the measured forces on the
JR3 force sensor do not exceed the user defined force and moment
limits. The user defines the limits in terms of percentages of the
maximum allowed force or moment specified by JR3. These percentages

are converted by the organizer into the force and moment limits used

here.
VERSION 1.0 DAVID J. DUVALL 22 AUG 88
CALLING FORMAT: MAXFOR(FMEAS,LIMITS,ECODE)

INPUT:

FMEAS -- Starting address of the 6 buffers where measured

forces and moments are stored.

LIMITS -- Starting address of the 6 buffers where the force and

and moment limits are stored.

ECODE -- Address of the buffer where any error code shoulb be

placed

OUTPUT: The ECODE addressed buffer contains the value 11 (octal)

if any of the force or moment limits are exceeded.
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CFINT: Calculate Interface Force

al

Abstract: This assembly language subroutine computes the interface

force* (Fint) in world coordinates from the measurements of
external force on the tool in sensor coordinates. Moments are
taken about the end of the tool in the nsap frame. The nsap frame
* is assumed parrallel to the force sensor frame but displaced from
the force sensor frame by a distance LTS along the +z axis of the
force sensor. The subroutine also eliminates gravitational force
from the force sensor measurements. Before using this subroutine

the force sensor data must be scaled and calibrated (see CFORCE).

Interface force is used in Hogan’s 1985 impedance control law
and is defined as being equal and opposite to the external force
applied by the environment to the tool (gravity is not a force

applied by an object in the environment).

*Note: Force includes both forces and moments

VERSION 1.0 DAVID J. DUVALL 12 AUG 88

VERSION 1.1 DAVID J. DUVALL 29 OCT 88

Switched signs on FCON2 to conform with sign convention for LCGS
used in thesis writeup. LCGS is now defined positive in the negative

a-vector direction (negative joint 6 z-axis).
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b DOCUMENTATION: See D. Duvall’s Thesis (I. 79), "Compliant Motion

Control for Robotic Aircraft Refueling"

CALLING FORMAT: CALL CFINT(FIX)

Inputs:
b FIX An integer address of the buffer where the interface force
should be stored.
Outputs: The FIX addressed buffer contains the interface force and
l’ moment values stored in the following oxder:

FIX, FIY, FIZ, MIX, MIY, MIZ

NOTE: The first four Floating Point Accumulators are used.
This routine requires the 18 elements of the 6 DOF kinematics
coordinate rotation matrix (nsa). Constants FCON1, FCON2 and

LTS are assumed to be globally declared. Measured forces are

assumed to be stored in global variables: FMX, FMY, FMZ, MMX,
MMY, MMZ.
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KIN62: Six DOF Kinematics for PUMA, with Px and Pz Position Vectors

Abstract: This assembly language subroutine computes the rotation
matrix for transforming coordinates from the 6th link (tool)
frame to the world frame (nsa matrix) for the PUMA manipulator
with 6 degrees of freedom (DOF). The x and z elements of the

position vector are also determined, but are based on only 2

DOF (Q1=Q4=Q5=(Q6=0, i.e. only links 2 and 3 are free to rotate).

The routine uses the equations presented in Fu, Gonzalez, and
Lee (p.45). The routine also calculates the trignometric

function values for the 6 joint angles.

This routine can be used to set up the rotation matrix for
transforming forces from the sensor frame to the world frame
assuming the sensor frame is aligned parrallel to the 6th link
frame. The routine also will provide cartesian x & z position

for 2 DOF PUMA manipulator.

VERSION 1.0 DAVID J. DUVALL 28 JUL 88

Original version, used only for calculating nsa matrix without

determining cartesian position. Formerly called KIN6.MAC.
VERSION 2.0 DAVID J. DUVALL 30 AUG 88
Incorporated provisions for calculating the Px and Pz elements

of the cartesian position vector assuming only links 2 and 3

are free to rotate and all other links are locked at Q=0.
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DOCUMENTATION: See D. Duvall’s Thesis (I. 79), "Compliant Motion

Control for Robotic Aircraft Refueling"

CALLING FORMAT: CALL KIN62(Q,P0S)

Inputs:

Q The address of the buffer containing the 6 joint angles

in radians.

POS The first address of the 2 buffers where the values of

Px and Pz should be placed.

Outputs: The 18 elements of the nsa matrix are calculated and

stored in the global variables:

NX, NY, NZ, SX, SY, SZ, AX, AY, AZ

(3 column vectors -- n, s, a)

The 2 elements of the position vector are stored at POS

in the order: Px, Pz.

NOTE: Only the first 4 floating point accumulators are used.
The calling routine must supply a cosine table at the
global variable location COSV. The values of the constants

A2, A3, and D64 must also be globally declared.
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PFMAGE: Macro algorithm exerciser: parallel force version

P Abstract: This subroutine interfaces the users coordinator

lovel control algorithm to the organizer level RAGE program.
PFMAGE sets up the arm for testing by doing the following:
receive and store the C0S table, receive and store the test

r position, and velocity trajectories. Move the arm to the ready
position and calibrate the force sensor, placing the calibration
values in a global buffer. Move the arm to the test position,
h’ send that position to the organizer and then receive the
position trajectory data. Once the organizer sends the GO

command control is returned to the calling algorithm.

This subroutine is a modified version of Capt M. B. Leahy’s

PMAGE macro, Version 4.1.

VERSION 1.0 DAVID J. DUVALL 2 SEP 88

CALLING FORMAT: CALL PFMAGE(QANG,CTABLE) 4

Inputs:
QANG: An integer variable representing the starting address o
of a (6x1) real vector of joint angles.
CTABLE: A variable representing the starting address of a -

361 position table of real cosine values.
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NOTE: All routines that call this subroutine are stopped by

this routine.
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C.3 Coordinator Software for the Parallel Processor.

This section contains software used to implement the compliant motion con-
trol environment at the coordinator level on the Parallel processor. The software is
written in VMS Fortran and uses VAXLab communications functions [11},{12},{13].
It is targeted to run on a DEC MicroVax III.

The program PCIMPVAX is the main module for the Parallel processor.

Other Parallel processor subroutines are listed in Table 4.5.
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PCIMPVAX: Calculate the impedance coefficents for a robotic

manipulator.

Abstract: This program performs the impedance coefficent
calculations for the FORCER3AGE environment. VaxLab utilities
are used to allow a MicroVax III (RVS2A) to function as a
parrallel processor and calculate the impedance coefficents
in real time. The DRV1i-J is initijalized and employed to
communicate between RVS2a and the servo processor. Constants
required for the impedance coefficent calculations are calculated

prior to the real-time loop.

VERSION 1.0 DAVID J. DUVALL 29 SEP 88
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SUBROUTINE IMPCONST(CONST,MINV,BMAT)

Abstract: This subroutine calculates the 25 constants used by the
Fortran subroutine CIMPG2VAX in determining the impedance
coefficent matrices and the gravity vector for links 2 and
3 of the PUMA arm. Payload is assumed to be a point
mass with center of gravity along the joint 6 axis. The
desired mass and the damping (BMAT) matrices are assumed
to be diagonal. Joints angles 4,5, and 6 are assumed to be

set to zero.

VERSION 1.0 DAVID J. DUVALL 4 AUGUST 1988
INPUTS: None.
OUTPUTS:
CONST -- A 17x1 real vector containing the constants.
MINV -- A 2x2 matrix containing the elements of the inverse '

desired mags matrix (diagonal).

BMAT -- A 2x2 matrix of damping coefficents (diagonal).

Note: This subroutine calls the file CIMPG2INP2.DAT to get PUMA
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Denavit-Hartenburg and inertial parameters, and payload

inertial parameters.
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SUBROUTINE CIMPG2VAX(Q,CONST,MINV,BMAT,IMPCOF)

ABSTRACT: This subroutine calculates the impedance coefficents
and gravity for 2 degrees of freedom for the PUMA 560 robot
arm. Joints 4,5, and 6 are assumed fixed at Q=0.0 degrees.
Impedance coefficents are based on Hogan’s impedance

control law. They are:

1. The IJ°-i1M"-1 (IJM) Term. The product of the
inertia tensor, inverse jacobian, and inverse

desired mass matrix (assumed diagonal).

2. The 1J°-1M"-1BJ (IJMBJ) Term. The product of the
IJM term and B, the diagonal matrix of damping

coefficents, and J, the Jacobian.

3. The J°T+I1J"-1M"-1 (JTIJM) Term. The sum of
the Jacobian Transpose (J°T or JT), and the 1JM term.

The result is a fully populated 2x2 matrix.

Included with the impedance coefficents is the 2x1 gravity

vactor (GG).

The inertia and gravity equations were developed using Tarn’s
dynamics and L. Tellman’s MACSYMA code. The inverse Jacobian
vas developed on MACSYMA using Leu and Hemati’s dynamic equations

generator.

C-29




VERSION 1.0 DAVID J. DUVALL 28 SEPT 88

| VERSION 2.0 DAVID J. DUVALL 29 OCT 88

Changed the JTIJM term from being the difference of the Jacobian
transpose and the IJM term, to being the sum of the Jacobian transpose
and the IJM term. This is different from Hogan’s implementation but

k supported by the mathematical development in my thesis. The change
should result in negative force feedback (stable) instead of positive

force feedback (unstable).

# INPUTS:

Q -~ The 2x1 vector of joint angles for links 2 and 3.

CONST -- The 17x1 vector of constants needed to compute the

impedance coefficents and gravity.

MINV -- The 2x2 diagonal inverse desired mass matrix.

BMAT -- The 2x2 diagonal matrix of damping coefficents.

OUTPUTS:

IMPCOF -- The 14x1 vector of impedance coefficents. IMPCOF is

arranged in the following order:

IJM(1,1],1JM(1,2] ,1JM(2,1],1JM[2,2]),1JMBJ[1,1],
1JMBJ[1,2],1JMBJ[2,1],1JMBJ[2,2],JTIJM[1,1],
JTIIM(1,2],JTIIM(2,1],JTIIM[2,2],6G(1],GG[2]
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Abstract

A promising Air Force application of robotics technology is the refueling of
aircraft or spacecraft with a robotic manipulator. The refueling task is fundamen-
tally a component assembly task, and like many other assembly tasks it requires
compliance between the manipulator and the environment for success. Compli-
ant motion control techniques, such as impedance control, use force feedback to
generate active compliance in the robot manipulator. In this thesis a compliant
motion control environment was established, and a simplified, preliminary version
of an impedance control law was implemented. The compliant motion environment
employs three digital processors in a hierarchial control structure to command a
PUMA 560 robot arm. Applied force and moment information are provided by
a wrist mounted, three axis force sensor. An original method was developed to
transform forces and moments acting on the tool, and measured in the sensor
frame, to the cartesian world coordinate frame. This method eliminates the forces
and moments caused by the tool weight from the measured values. The concept
of impedance is explained, and motivated as the basis for compliant motion con-
trol. The theoretical development leading to the simplified impedance control law
is presented. The simplified impedance control law was used to provide active
compliance for links 2 and 3 of the PUMA arm. The remaining four links of the
PUMA were not actively used in the impedance control experiment. Force sen-
sor accuracy was experimentally quantified and found to be sensitive to to errors
in arm calibration. Execution times were determined for the major components
of the impedance control algorithm. Initial testing demonstrated the ability of
the impedance controller to use active compliance to reduce interface forces. Ele-
mentary compliant motion was achieved, however trajectory tracking performance
requires improvements. Problem areas causing poor tracking performance are iden-

tified, and possible solutions are recommended.




